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EXECUTIVE SUM11ARY

The Metrek Division of the MITRE Corporation, under contract to
the United States Army Medical Bioengineering Research and Develop-
ment Laboratory, is reviewing and recommending short-term tests for
evaluating and predicting the functional and/or morphological impair-
ment produced by toxic substances using animal test systems. This
document presents information on the available tests for the pulmo-
nary system and recommends those tests which are suitable for use in
a screening program.

The pulmonary system may be viewed as having four functions
which are discussed in this report under the headings respiratory
mechanics, gas exchange, pulmonary circulation and defense mecha-
nisms. In addition, changes which may be observed in morphology or
biochemistry as a result of chemical toxicity are described. The
current development of toxicity tests for these six aspects of the
pulmonary system does not lend itself to the rigid classification of
a tiered system.

The available test procedures have been placed in three categor-
ies: (1) those recommended for a screening program, (2) those that
may warrant consideration for use in a screening program after fur-

* ther development or that have a special application in a screening
program, and (3) those specifically not recommended for inclusion in
a screening program. Two sets of criteria have been used in this

* categorization: those of an administrative nature (costs and man-
power), and those of a scientific nature (sensitivity, accuracy,
significance).

Administrative considerations include the animal-care and
holding-space capabilities of support facilities, and the cost of the
animals and equipment used. Very little of the equipment is standard
or commercially available due to its unique design and construction,
so the high cost of equipment may be a major consideration. Scien-
tific considerations include the sensitivity, accuracy and reproduci-
bility of the procedures; the technical skills required; and the
necessary supporting facilities, such as histopathology and analyti-

cal laboratories. Primary importance is attached to the appropriate-

ness of the procedures, and to the animals used in predicting effects

Only five functional tests are recommended for incorporation in
a pulmonary toxicant screening program. These are:

(1) Compliance and resistance, which are measures of mechanical
flexibility and obstruction as they affect air flow,



(2) Lung volume and capacity, which are also measures of res-
piratory mechanics related to the amount of air available,

(3) Distribution of ventilation, which is a measure of the

evenness of ventilated gas distribution throughout the
lungs,

(4) Arterial blood gases, which measures the delivery of oxygen
to the tissues and the removal of carbon dioxide, and

(5) Carbon monoxide diffusion, which measures the movement of
gases between the lung and the blood stream.

Three test procedures are suggested for consideration. Morpho-
logic examinations by light microscopy and electron microscopy pro-
vide information on the mechanisms for changes in the functional
tests described above. Scanning electron microscopy is excellent for
viewing changes in the gas-exchanging surfaces, but is expensive and
requires well-trained personnel. The other two test procedures war-
ranting consideration measure the pulmonary defense function. One
quantifies the removal of inert particles, such as iron oxide, or of
bacteria from the lung. The other examines the viability of the
macrophages and their ability to remove foreign material (micro-
biological or xenobiotic particulates) from the respiratory tract.

Nine techniques for pulmonary toxicants were evaluated and
excluded from short-term screening of toxicants because of the dif-
ficulty or time involved in performing them, their requirement for
large, more expensive animals, and their lack of direct applicability
to predicting effects in humans.

Some experimental procedures currently in the research and
development stage are briefly discussed for their future potential as
screening tests.
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1.0 INTRODUCTION

One method of systemiatically describing the damage produced by

exposure to a toxic agent is to describe the damage manifested in

each individual organ or system, and to further divide the damage

into components which relate to individual aspects of function or

structure within an organ or system. Utilizing this approach, toxic

effects can be evaluated by assessing each aspect of function sepa-

rately and combining these individual determinations. This analyti-

cal method underlies the medical approach to diagnosis and treatment

of human poisonings. It has also been widely used in experimental

animal toxicology.

The Metrek Division of The MITRE Corporation, under contract to

the United States Army Medical Bioengineering, Research and Develop-

ment Laboratory, is recommending short-term (i.e., hours to days)

tests for evaluating and predicting the functional or morphological

impairment produced by toxic substances using animal test systems.

Effects in four organ systems--pulmonary, hepatic, renal and cardio-

vascular--are being considered. This document presents information

on the suitable, available tests for the pulmonary system and recoin-

mends specific tests that would be appropriate for inclusion in a

screening program.

O Only those tests which have a demonstrated ability to detect

the damage produced by toxicant exposure have been considered. Se-

lection of tests which satisfy this criterion has been based on an



operational definition of damage. According to this definition, dam-

age to the pulmonary system consists of alteration of one or more of

the following: (1) morphology at the cell organelle level or higher;

(2) respiratory gas exchange, including gas exchange in the tissues,

gas transport in the blood, and gas exchange in the pulmonary system;

and (3) defense system activity at the cellular level or higher.

Alterations of function not explicitly covered by the definition of

damage have been considered to be damage if they have been adequately

correlated with morphological damage as described herein. A change

in measurement of some of these parameters may be considered predic-

tive, as well as indicative, of damage in the animal test system,

if an abnormality in oae parameter regularly precedes or accompanies

that in another (i.e., an abnormal reading in test A is generally

associated with a concurrent or subsequent abnormal reading in test

B). Although this operational definition may be considered somewhat

arbitrary, the selection of proven indicators of damage, based on the

definition, then becomes nonarbitrary. Had a definition of damage

not been explicitly stated, it would have been implicitly applied in

the selection of tests.

The information contained in this report has been compiled from

published and unpublished reports, and communications with individu-

als active in the development or application of measurements of

pulmonary damage. A companion directory of individuals and organiza-

tions involved in pulmonary testing in animals was compiled solely

2



from personal communications, so that only current activities of the

organization and researcher(s) would be represented.
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2.0 MEASUREMENTS OF PULMONARY SYSTEM DAMAGE

Measurements describing the structure and function of the lungs

have been used as indices of pulmonary system damage in animals.

Many techniques used in man have been adapted for both large and

small animals. Much of the information necessary for evaluating the

reliability, sensitivity and capability of specific tests to detect

and characterize pulmonary damage is not yet available. Many experts

in the field of pulmonary function measurements are currently working

on the refinement of specific test protocols.

Information on pulmonary testing has been categorized according

to the functional or structural alteration which each test measures,

and further divided, in some cases, by major differences in the

techniques used to evaluate these changes. The measurements used

to reflect damage to the pulmonary system have been grouped into the

following six broad categories:

Morphological

Respiratory Mechanics

Gas Exchange

Circulation

Defense Mechanisms

Biochemical

Although there are specifi'c tests which could conceivably be included

in more than one category, the tests have been allocated to the cate-

gory that best describes the aspect of function or structure they

5



measure. No one test measurement or category of measurements will

give a comprehensive evaluation of damage to the pulmonary system.

Any given measurement-may be useful for reflecting damage caused

by one compound, yet the action of another compound may be entirely

different and indicated only through use of an alternate measurement.

The operational characteristics compiled for each damage mea-

surement include:

" The complexi~ties of the technique and the extent to which it
has been used

" Any peculiarities in technique which separate it from other
similar tests

" The species in which the test has been performed

" The compounds which have been tested for toxicity or used to
elicit a toxic response (this category also includes the pur-
pose of the study when the test was used for something other
than toxicity testing)

" The use of anesthesia

" Whether or not the procedure, as reported, entailed death
of the animals

In compiling the species utilized for a particular test, only

those in which the test has actually been performed are included.

This information is summarized in Table 2-1. This list does not im-

ply that the test can only be used in these animals, but rather that

use of the test has only been documented in certain animal models.

When used, anesthesia has been described as either "initial" or

sustained." "Initial" anesthesia is that used during preparation of

an animal subject for testing (e.g., surgical manipulation, insertion

6



II

SN TYWE 2 CELL F=IUOUPrAVfE
N T ll ~T I CELL SA€

CYTOPLASMIC or~mC TYPE 2 cumI
34 N $in AND DISTIUTIU O r mum8 SUIrImC m.u

,AN ALVEOLAR INTERCE T
IN 34 34 N N DIFUSING CAPACITY
34 N N 3 N 3 3 N. :TTIAL UISTOAIUOLOCI

FIPIEATOIT MIECANICS
N N N N MN vou

34 3 3434 3 RESIDUAL VOLUME
4 34 34 3 N VITAL CAPACITY

34 3 34 6 *6 *6 TOTAL U41 CAPACITY
IN I,, N 34 3 INSPIRATORT CAPACITY

. N 34 M 34 IIATORY REEV VOLUME
S3~4 4 3t IIUCTIUIAL URSID;L CAPACITY

4 34 34 N 34 IIAESISTAICE V11 LTnWISpOnIA
N 34 34 N 34 34 4 34 3lRSISTANCE VITINIOUt FLEUTWS m

N N 3 N N N IlTIWTIOu OF VENTILATION BY uItUIGI MAS
4 DIISTEIUMION Of VENTILATION BY CLOING OLUM

N 34 34 34 N IOHLIANIZl. PRESSUER-VoLuJ CUES
3 IMILUN FLOW vourfu wvS

34 N 34 N 34 34 34 34 DT I o c~t

4 4 N, 'NINE'U VEIlOUS LOOO CASES
4 34 34 34 OXYGEN CONSUMPTION
34 34 CARBON DIONIDE OUTPUT

34 34 SPECIFIC VEILUATION
34 34 RESPIRATORY t1CNANiC RATIO

N 34 ALVEOLAR GAS PRESSURES
N N ALVEOLAR-ARTERIAL DIFFERENCE
34 N 34 34 N 34 34 34 G lOC 10113 DIFUSING CAPACITY

N CAPILLARY BLOWS VOLUME
34 N VASCULAR ESISTANCE

P 1ONGITUDINAL DISTIBUTION OF VASCULR RESISTANCE
N N 3100t PESSIUES

34Lim'-IO-RItGT SNUNT

N N 31 RESISTANCE TO ISPIRATOET ZNFFrlION
34 N N 34 IJICOCILIARIY TANSPORT Or INERT PARTICLES

34 4 CILIARY SEATING FPR[IJCT
N SIZE AND DSTRIvITMON OP MUCUS SECRINGO CELLS

4 34 3PIULMNARY CLEARANCE OF INERT PA TICLES
N N 4PULMONART CLEARANCE OF BACTERIA

34 34 4 PERCENT VIABILITY OF ALVEOLAR NACNOPIAGS

N 34 I ALVEOLAR 1ACUOFNAGE FUNCTION
N 3 N I.VALVEOLAR MACROMIA E ATPas A.ID RESPIRATION

SIOCHIIICAL

N 34 34 34 EONCHIOPUUIOIGAR LAVAGE

CULTUER CILLS
TRACKSAL sLAum

EFUSED UNG SLICES

TA~I ,_'zoolaced perfumed ca la

TABLE, 1-1

SPERCIES TV O w€ INIIIDUAL InICE OP mUoSA nIoo OR STRUCTURE avE IE ISASUEUo

t7



of a cannula) and implies that the animal was conscious during the

measurement procedure. "Sustained" means that the animal was anies-

thetized throughout the procedure. Where both initial and sustained

anesthesia are indicated, the animal was prepared for testing under

anesthesia, allowed to regain consciousness and recover, and anesthe-

tized again during the test. When anesthesia is used, its effect on

the results of the test should be considered.

Most researchers have used a battery of tests to evaluate

pulmonary function. In some instances, the use of anesthesia and/or

terminating the animals during or after the study depended more on

other testing procedures used by the investigator than upon the par-

ticular test being evaluated. Cases of animal termination clearly

unrelated to the performance of a test have been so noted in the text

and in appendix tables.

In almost all instances in which a test was used to evaluate the

pulmonary toxicity of a substance, the route of administration of the

substance being tested was by inhalation. Therefore, this has not

been specified on the tables. In some cases, another route of ad-

ministration was used, and this has been specified on the table in

parentheses after the name of the substance to which it applies.

In the following sections, measurements of pulmonary damage

are discussed, each within one of the six previously mentioned cat-

egories. The information in each of these subsections is augmented

by material which has been tabulated in an appendix. Not all
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measurements applicable to a category are discussed in detail. The

majority of the text is devoted to description and evaluation of

those tests or measurements which appeared to have the greatest

applicability to and potential for pulmonary toxicant screening.

2.1 Morphological Techniques

Morphological indices of pulmonary damage include both quantita-

tive and qualitative comparisons of total tissue, tissue components,

cells and cellular components. Quantitative, or morphometric, tech-

niques basically involve (1) measuring volume and applying standard

stereological counting procedures to either selected cell types or

cellular components; and (2) calculating volumes, surface areas,

lengths and/or numbers of lung structures, including cells. Several

stereological techniques have been automated, which increases their

value in assessing pulmonary damage. They are best suited for de-

tailed descriptions of subtle toxicant damage. Any microscopic mor-

phometric evaluation is tedious and time-consuming. The advent of

quantitative morphological techniques will limit the chance for

observer error inherent in earlier microscopic descriptive studies.

Morpho logical studies are essential to establish the presence

of subtle pulmonary damage, and selected morphological studies pro-

vide information that enable researchers to understand the mechanism

of damage by specific toxins. It is generally accepted that morpho-

logical studies detect damage before other pulmonary measurements do.

* In this section, and in Table A-1 in Appendix A, those few specific
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morphological measurements and one broad category of morphological

measurements that may reflect pulmonary damage are discussed. The

specific measurements include those relating to Type 1 cell damage or

death, Type 2 cell proliferation, mean alveolar intercept and diffus-

ing capacity.

Type 1 alveolar cells are squamous or flattened epithelial

cells and are characterized by extensive cytoplasm containing few

inclusions except for many pinocytotic vesicles and a few small mito-

chondria. Type 2 cells have cytologic features suggestive of either

secretory or phagocytic function. They are characterized by their

regular cuboidal shape, large nuclei, vacuolated cytoplasm, large

numbers of lamellar bodies and multivesicular bodies. The mitochon-

dria are prominent and may be either plump or rodlike.

Type 2 cell proliferation follows or accompanies Type I cell

death and these reflections of pulmonary damage may be measured

in tandem or separately. These indices of pulmonary damage may be

measured by standard microscopic observation of 1 m thick sections;

by histochemical methods using lactate dehydrogenase stain, which

is thought to be specific for Type 2 cells; and by autoradiographic

analysis of radiolabelled thymidine uptake. Lactate dehydrogenase is

also in pulmonary alveolar machrophages and may be in other pulmonary

cells, which complicates the use of this enzyme as a specific cel-

lular marker.

10



Demonstration of tissue and/or cellular changes remains the most

accepted evidence of pulmonary injury. The extent of the injury and

the specificity of the cellular target of a toxic agent within the

respiratory system requires examination of upper airways (nostrils,

nasal passage, pharynx, larynx and cervical trachea); lower airways

(thoracic trachea, mainstream bronchi, large, small and terminal

airways); and exchange surface (alveolar ducts, acini, alveoli and

associated vascular structures). Gross, light microscopic, scanning

and transmission electron microscopic techniques have all been valu-

able in determining the presence of injury, its extent and its dura-

tion. Histochemical and quantitative methods have greatly enhanced

the investigators' ability to specify the tissue or cellular types

involved in the pathogenic state, the nature of the response and a

more precise measure of the extent of the damage. Changes in the

histochemistry of the collagen in the interstitial space may not be

detectable with conventional histological techniques. If the histo-

chemical changes correlate with the biochemical assessment of colla-

gen and with the functional behavior of the lungs, there is convinc-

ing evidence that significant biological changes are occurring in the

lung.

Hence, in addition to providing detailed information concerning

the pathogenesis and pathophysiological changes associated with

inhaled toxics, morphological, biochemical, and functional techniques

are vital to the early detection of pulmonary damage.
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To date, there are meager data relating pulmonary structure and

function. In general, major aspects of function relate well with

structural observations, and the correlation of properly done quan-

titative morphologic studies with functional values are surprisingly

good. Despite the tedious and time-consuming nature of quantitative

morphometric studies, they are necessary for providing convincing

(state of the art) evidence of pulmonary injury.

Total lung histopathology has been classified as one category

in Table A-i due to the multiple and sometimes arbitrary choices

which are made regarding fixation, sampling and microscopic methods.

A gross examination could be performed first, followed by a closer--

although subjective--microscopic observation of possible alterations

of lung structures, cells and cellular components. The appearance

of abnormalities would clearly indicate a damaged lung, and further

observations by morphometric and other techniques could be performed

to quantify damage, if desired.

2.2 Respiratory Mechanics

Measurements of respiratory mechanics which have been performed

in animals are outlined in Appendix B, Tables B-I through B-7. The

simplest measurements, respiratory rate and tidal volume are com-

plemented by tests of increasing complexity. Respiratory mechanics

can be usefully divided into static and dynamic mechanics. Static

mechanics describe and quantify the mechanics of the respiratory

system under conditions of no respiratory gas flow. This includes

12



measures of lung-volume subdivisions and chest wall and lung comn-

pliances.

Dynamic mechanics describe and quantify the mechanics of the

respiratory system under conditions of respiratory gas flow. This

includes measures of pulmonary and airway resistance, flow-volume

relationships, and frequency dependence of compliance and resistance.

In general, dynamic mechanics measurements are technically more de-

manding and are particularly difficult to measure in small laboratory

mammals.

The same basic equipment is used for many of the measurements

of respiratory mechanics, and it is relatively simple to set up this

equipment so that a battery of tests can be performed with only minor

rearrangement (accomplished, for example, by opening and closing

valves). This approach is highly labor-efficient and is almost uni-

formly practiced by pulmonary researchers. As is the case with many

measurements used to indicate damage to the pulmonary system, the

precise interpretation and significance of alterations in measure-

ments of respiratory mechanics are subject to debate. In the follow-

ing paragraphs, various lung volumes and capacities are defined and

their interrelationships indicated.

In humans, the volume of the lung has been divided into four

component volumes, which are defined by the functional limits of the

lung (see Figure 2-1). The tidal volume (Vt) is the volume of air

inhaled or exhaled during normal breathing. The additional volume of

* 13



air that can be inhaled after inhalation of a normal tidal volume by

a maximal inspiratory effort is termed the inspiratory reserve volume

(IRV). Similarly, the amount of air that can be exhaled after a nor-

mal tidal exhalation by a maximal effort is called the expiratory re-

serve volume (ERV). The volume of air remaaning in the lungs after a

maximum exhalation is the residual volume (RV).

Combinations of the lung volumes are called lung capacities (see

Figure 2-1). The maximum volume to which the lungs can be expanded

is the stum of the four "lung volumes" and is called the total lung

capacity (TLC). The inspiratory capacity (IC) is the sum of the

tidal volume and the inspiratory reserve volume. The vital capacity

(VC) is the sum of the inspiratory capacity and the expiratory re-

serve volume (i.e., it is the maximum size of a single breath which

can be breathed in or out of the lung by an individual). The volume

of air in the lungs after a normal tidal expiration is termed the

functional residual capacity (FRC) and is the sum of the expiratory

reserve volume (ERV) and the residual volume (RV). Changes from

control lung volumes or capacities are associated with (a) airway ob-

struction, (b) alteration of lung recoil force and/or (c) destruction

of pulmonary parenchyma. The relationships between pulmonary volumes

and capacities are summarized in Figure 2-2.

In laboratory animals, lung volumes and capacities have been

defined in terms of inflation and deflation pressure limits and FRC.
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TLC = TV + IRV + ERV + RV a IC + FRC

VC a TV + IRV + ERV = TLC - RV = IC + ERV

IC - TV + IRV - TLC - FRC

FRC - ERV + RV TLC - IC

KEY: ERV - Expiratory Reserve Volume
FRC - Functional Residual Capacity
IC - Inspiratory Capacity

IRV - Inspiratory Reserve Volume
RV - Residual Volume
TLC - Total Lung Capacity
TV - Tidal Volume
VC - Vital Capacity

FIGURE 2-2
RELATIONSHIPS BETWEEN PULMONARY VOLUMES AND CAPACITIES
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Leith (1976) has discussed these definitions in animals. The follow-

ing definitions are generally accepted by workers studying laboratory

mammals: TLC is the volume in the respiratory system when the trans-

~ i pulmonary pressure (P~p) is 30 cm H20- PTp is defined as the pres-

sure inside the lung relative to that outside the lung (i.e., the

airway opening pressure minus the pressure in the pleural space).

RV is the volume in the lung when PTp is equal to -30 cm 1H20. FRC

is the volume in the lung at the end of expiration. The remainder

of the volumes and capacities are calculated as described above.

In the following paragraphs, various aspects of respiratory

mechanics and techniques applicable to their measurement in animals

are discussed. The aspects described are: respiratory rate and

tidal volume; residual volume; vital capacity; total lung capacity;

inspiratory capacity; expiratory reserve volume; functional residual

capacity; resifstance; distribution of ventilation; closing volume;

and chest wall, lung and respiratory system pressure-volume curves.

Respiratory rate and tidal volume are the simplest and most

widely utilized measurements of pulmonary mechanics. Measurement

of respiratory frequency (f) and tidal volume (VT) are relatively

simple and are frequently used as a measure of pulmonary function.

The product of f and VT is minute ventilation ('IE) or total ven-

tilation. As a result of inhaled air pollutants, VT and f may be

changed early as a result of airway-receptor irritation and reflex

stimulation. These responses are often only transient in duration.
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More sustained changes in f and VT are indicative of more severe

and lasting pulmonary injury. Ventilation will be discussed in more

detail in the section on dynamic mechanics. Table B-I in Appendix B

outlines the basic techniques which have been used for determining

respiratory rate and tidal volume in animals. These measurements

(f and VT) are usually made together (I) by collecting expired gas

in a recording spirometer or gas bag during a specified time and re-

cording or counting f; (2) by recording the integration of the res-

piratory flow signal from a pneumotachograph--which gives a signal

equivalent to volume--and counting the f from the volume trace; or

(3) by recording VT and f from signals from a body plethysmograph

(either pressure, flow or volume plethysmograph). Any of these three

techniques may be used as part of the measurement of other aspects of

pulmonary mechanics, such as volume-pressure, volume-flow relation-

ships or resistance measurements (Appendix B, Tables B-4 and B-5).

Functional residual capacity (FRC) and residual volume (RV)

are measured in animals with one of two general types of techniques:

gas dilution or gas volume-pressure relationships with a body plethy-

smograph. Gas dilution techniques are of two general types: gas

equilibration and gas washout. In the first, a known concentration

and volume of an inert gas like helium or neon, or a respiratory gas

like oxygen, is exchanged with the gas in the lung until equilibra-

tion of gas concentration is achieved between the test gas volume and

the volume in the lung. Knowing the original test gas volume--the
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concentration of the test gas in the test volume and within the lung,

and the concentration of the test gas after equilibration--one can

calculate the original volume in the lung (either FRC or RV) with the

following relationship:

Csl * Vsl + C • FRC (or RV) - CE • Vs2 + CE • FRC (or RV)

where Cs1 is the concentration of the test gas in the test volume

at the beginning of the test. Vs1 is the volume of test gas mix-

ture at the beginning of the test; Vs2 is the volume of test gas

mixture at equilibration; and CLI is the concentration of test gas

after equilibration with the test gas volume, and in the volume in

the lung. CE is the concentration of test gas at the end of the

determination. Either FRC or RV can be determined, depending upon

whether the determination is begun at the expiratory position or at

the maximum expiratory position, respectively (see Figure 2-1).

In the second, the test gas is oxygen, which is breathed into

the lung via a T-valve, and the expired gas is collected. The pro-

cedure is continued until nearly all of the nitrogen in the lung has

been replaced with oxygen. By knowing the original concentration

of nitrogen in the lung (CLN2), and by measuring the expired volume

(V) and the nitrogen concentration in the expired volume (CvN2),

one can calculate the original volume in the lung (FRC or RV) with

the relationship:

CLN2 FRC (or RV) - CVN2 V
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The plethysmographic technique requires a pressure plethysmo-

graph (PP) which can be calibrated for volume by the relationship

between pressure changes in the PP and the volume changes in the

animal's lungs (or body). In this technique the animal is placed

within the closed PP and breathes through an airway to the outside.

The pressure changes of the airway opening (APaO) and the PP (&Ppp)

are recorded. The airway of the animal is obstructed at RV or FRC

depending upon which volume is to be measured. The animal inspires

against a closed airway and APaO and APpp are recorded. Using the

volume-pressure relationship of Boyle's Law, we are able to calculate

FRC (also called thoracic gas volume when measured this way) or RV by

the following relationship:

Pao2 V
FRC (or RV) -=ao V

Paol - Pao2

where: Paol is the pressure at the airway opening prior to the ani-

mal inspiring against a closed airway. Pao2 is the pressure at the

airway opening at the end of inspiration against a closed airway. V

is the volume change that occurs with the inspiratory effort against

a closed airway. This is determined from the calibration of the PP

and APpp during the inspiration against a closed airway.

The mechanisms that determine FRC and RV in most small labora-

tory mammals differ from those in human beings and larger mammals.

The size of the FRC and RV values in animals can be changed by body

position, state of excitement and level of general anesthesia.
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Henc, geatcare must be exercised in setting up conditions for mea-

surig temin interpreting their values compared to controls, and

in cmpaingtheir values to adjusted values in other species. Under

the saeconditions of measurement, thoracic gas volume measured with

the PP is usually larger than FRC measured vith the test-gas equili-

bration technique. If there is a large difference, it is interpreted

to mean there is a large volume of gas trapped in slowly ventilated

or obstructed airways.

FRC has also been determined by application of Boyle's Law,

which states that the volume of a gas varies in inverse proportion to

the pressure to which it is subjected. Application of this principle

may Involve occlusion of an animal's airway opening at the end of

expiration, and as the animal expands the pulmonary air (during

inspiratory efforts), the changes in pressure and volume within a

plethysmograph are recorded. FRC can then be calculated as the

absolute value of the product of the final pressure and the ratio of

the change in volume to the change in pressure (Du~ois et al. 1956).

Changes in TLC, FRC and/or RV values from normal are difficult

to interpret and values may actually be normal in the presence of

serious problems. Some suggest that these measurements may be of

considerable value, particularly in detecting changes in lung struc-

ture at the parenchymal level (O'Neil 1978). In general, decreased

values are indicative of restrictive lung diseases or damage, whereas

abnormally high values are indicative of airway obstruction. Other
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functional and morphological techniques can help to determine which

general type of injury is responsible for the change in TLC, FRC or

RV values.

The other major group of static mechanical measurements are the

volume-pressure relationships of the respiratory system. The volume-

pressure relationships are measured under conditions of no gas flow

in or out of the respiratory system and provide a means of assessing

the elastic recoil of the system. Compliance of the system is the

slope of the line relating the volume and pressure over a specified

volume range and is expressed as volume (ml) per unit pressure

(cmH2O). Compliance of the respiratory system (CRS) includes

that of the chest wall (Cw) and lung (CL) and is related by

l/CRS - I/Cw. + i/CL. The elastic recoil of the lung does not

vary significantly in different animal species; however, the elastic

recoil of the chest wall varies considerably. In general, small

mammals like rodents have relatively low elastic recoil values of

their chest wall (high Cw values) and large mammals like humans have

relatively stiff chest walls (low Cw values); Cw values dominate

CRS in larger mammals and CL values dominate CRS values in small

mammals. It is therefore important to assess CL and Cw when exam-

ining the elastic recoil of the system. Cw values change with the

size of the animal and within an animal species. CL is determined

largely by the elastic recoil of the lung parenchyma or exchange

area. Elastic recoil of the lung parenchyma is the sum of the recoil
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forces of the lung tissues in the alveolar walls and smallest air-

ways, and the surface tension forces at the liquid-air interface

lining the exchange area. Some gaseous toxic agents cause pulmonary

edema, which will effect the pulmonary surfactant lining, and this

will change the lung recoil force and compliance. CL values mea-

sured from volume-pressure curves of lungs filled with liquid are

a measure of tissue elastic forces, whereas those measured from

gas-filled lungs are a measure of tissue and surface-tension recoil

forces.

Volume-pressure relationships of the respiratory system, chest

wall and lungs are done in living animals and in excised lungs. In

living animals, static, quasi-static and dynamic compliance mea-

surements are made. In each, transrespiratory (PRS), transthoracic

(Pw) and/or transpulmonary (PTP) pressure are measured. PRS is

the difference between airway pressure (Pao) and the pressure around

the body surface (PB); Pw is the difference between pleural pressure

(Ppl) and P.; and PTp is the difference between Pao and PP1" PP1

is estimated in the living animal with a low-volume, balloon-tipped

catheter placed in the intrathoracic esophagus. Lung volume is

usually measured with a large syringe, spirometer, pneumotactograph

or plethysmograph. Volume and pressure are recorded simultaneously

on an X-Y recorder with volume on the Y-axis.

Static volume-pressure curves result from a series of volume-

pressure points identified on an X-Y graph as the result of stepwise
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inflation and/or deflation of the lungs. At specified volume points,

and with no gas flow, pressure is measured. Under conditions of no

gas flow, only elastic recoil pressures are measured at any partic-

ular lung volume. During gas flow, there are elastic recoil (PE),

resistance (PR), intertial (PI) and tissue viscosity pressures

(PTV)" PR, P, and PTV approach zero as gas flow is reduced to low

levels. Under conditions at very low gas flows, quasi-state, volume-

pressure measurements are made. This is a more convenient technique

than static volume-pressure measurements and is used frequently in

studies on laboratory animals.

Dynamic compliance measurements are made on the spontaneously

breathing animal or an animal ventilated at high frequencies and will

be discussed in the next section of dynamic mechanics.

Since the volume-pressure curve changes slope greatly at the

extremes of lung volume, it is important to measure volume-pressure

relationships at known volume histories and at specified lung vol-

umes. As indicated above, the volume-pressure relationships of the

lung are used to define the limits of vital capacity.

Volume-pressure relationships and resistance are nearly always

determined in tandem, as both require measurement of Pp1 and Pao-

The variations in techniques outlined in Appendix B, Tables B-4 and

B-5, reflect differences in methods used for measurement of Ppj

(direct by intrapleural catheter or approximation by esophageal bal-

loon catheter) and volume changes (by plethysmograph or pneumotacho-

graph).
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Although, theoretically, dynamic pulmonary mechanics measure-

ments should detect early pulmonary injury, there is no reliable

way in which to measure dynamic pulmonary mechanics in mammals

to date. Koo and coworkers (1976) have made tedious measures

of maximum expiratory flow volume curves and other dynamic respira-

tory functions in small mammals, and have identified and acknowledged

the technical difficulties in measuring these relatively fast flow

events in small mammals. The major technical difficulties are asso-

ciated with: (1) the relatively small dimensions of small mammalian

airways; (2) the relatively large dead space of conventional mea-

suring equipment; (3) the relatively high frequencies at which small

mammals breathe; and (4) the relatively poor frequency response char-

acteristics of equipment measuring flow, volume and pressure in their

respiratory systems.

The technical limitations have prohibited acceptable measure of

dynamic pulmonary function and have made it impossible to measure

these events in small mammals with early or mild pulmonary injury.

The state of the art has only recently made it possible to begin to

evaluate techniques for measuring dynamic pulmonary mechanics in

small mammals.

Dynamic respiratory mechanics include measurement of mechanical

features of respiration during gas flow into or out of the lungs.

Total ventilation (yE), as described earlier, is a basic measure of

the overall effectiveness of the mechanical function of the lung.
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It is the product of f and VT and the sum of dead space ventilation

(VD) and alveolar ventilation (VA).

VD is that portion of the total ventilation that enters or

leaves the anatomical and physiological dead space. In terms of

respiratory gas exchange, it is "wasted ventilation" and it increases

with certain lung disorders. "Anatomical dead space" includes all

the conducting airways where there is no gas exchange between the

air spaces and pulmonary capillary blood. "Physiological dead space"

includes all the anatomical dead space, and the volume of gas in the

alveoli that are not perfused--or poorly so--with pulmonary capillary

blood, and in which gas exchange is slow or does not occur.

VA is the effective ventilation that takes part in respiratory

gas exchange. Hyperventilation is greater alveolar ventilation than

is required by the animal's metabolic level, and hypoventilation is

less alveolar ventilation than is required by the animal's metabolic

level. Hyperventilation may be seen in the early stages of respira-

tory stress and hypoventilation is usually found in advanced and/or

severe respiratory disorders.

The levels of VA and VD are calculated from values of VE,

alveolar carbon dioxide partial pressure (PAC02) and the output of

carbon dioxide VCO2 with the relationships:

VA (ml/min) VC0 2 x 0.863

PACO 2

VD (ml/min) - - VA
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Respiratory system resistance (RRS) is a measure of the pres-

sure (cm H20) per unit flow (ml/sec) and is determined from simul-

taneous records of transrespiratory pressure (PRS) and respiratory

gas flow. It includes resistance in the chest wall and lung (pul-

monary resistance, RL). Since RRS is a measure of a number of

factors, it is rarely measured alone but is commonly determined con-

currently with pulmonary and airway resistance.

Pulmonary resistance (RL) is a measure of the frictional

resistance in the airways (RA) and the tissue viscosity resistance

(RT). It is relatively low in healthy animals and contributes a

relatively small amount to the work of breathing.

It can change substantially with alterations in the cross-

sectional area of large airways, as occurs with bronchoconstriction

or large amounts of mucous production in the airways. It is deter-

mined from measures of transpulmonary pressure (PTP) and respira-

tory gas flow during spontaneous or forced ventilation.

RA is an estimate of frictional airway resistance and requires

an estimate of alveolar pressure versus airway opening pressure

while small oscillating volumes of gas are measured at simultaneously

recorded flow rates in and out of the respiratory system. In many

laboratory animals, RA dominates RRS. RA can be substantially

changed following large airway injury. The test has not been par-

ticulary sensitive in detecting small airway injury which occurs with

many air pollutants.
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In healthy small animals, the distribution of ventilation is-nearly

even in the respiratory system. However, in large healthy animals,

there is measurable maldistribution of gas volume, ventilation and

blood perfusion associated with the effects of gravity upon the lung

tissue and pulmonary blood supply. This maldistribution worsens with

a wide variety of pulmonary disorders. If RA and compliance (CL)

of all the units of the lung were equal, ventilation to all regions

of the lung would be equal and there would be no maldistribution of

ventilation. Insult by inhaled toxicants affects the lung, usually

causing greater or lesser changes in RA and/or CL in different

regions. The consequence of uneven changes in RA and CL is an

exaggeration of the maldistribution of ventilation within the injured

lung.

Several techniques are being employed in an attempt to detect

maldistribution of ventilation following mild and/or early injury to

small airways by inhaled toxins: (1) high frequency oscillations to

measure frequency dependence of compliance and impedance; (2) single-

breath nitrogen washout; (3) closing volume measurements; and (4)

radiolsotopic-labeled gas distribution in the lung.

In the healthy individual, impedance and dynamic compliance of

the lung do not change as frequency of breathing or oscillation of

gas flow in and out of the lung are increased to very high rates.

In humans, in which there are unevenly distributed lesions in

the small airways, the distribution of resistance in the various
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regions of the lung have been shown to be different. Under these

circumstances, the impedance to flow of gas in and out of the lung

increases as the frequency of breathing increases. There is technol-

ogy now that permits the use of this test on laboratory animals. It

may well be the most sensitive functional test for mild, small-airway

lesions.

The measure of the dependence of dynamic pulmonary compliance on

high frequencies may enable one to detect early lesions in the alveo-

lar walls. This test is complex in interpretation and technically

very demanding and difficult.

The single-breath nitrogen washout gives an index of the even-

ness of ventilated gas distribution in the lung and has been sensi-

tive to the detection of substantial airway disease.

The distribution of ventilation is determined by having an

animal inhale 100 percent oxygen, and either constructing a curve of

nitrogen concentrations in the exhaled gas until a steady state is

reached (multiple breath); or holding the pure oxygen for a period of

time, and monitoring the nitrogen concentration continuously as the

animal expirates (single breath). A steady washout of nitrogen from

the lungs in the multiple breath test, or a steady level of nitrogen

in the final portions of the expirate of the single breath test, will

indicate even distribution of ventilation. Nitrogen-washout tech-

niques for measuring the distribution of ventilation have been suc-

cessfully applied to animals (Alarie 1978).
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Of the many techniques for measuring closing volume, although useful

in humans as an indicator of ventilation distribution, few have been

widely applied in pulmonary testing in small animals. Closing volume

has been defined as the lung volume at which dependent (lower) lung

zones cease to ventilate, presumably because of airway closure.

Premature airway closure or increased closing volume may reflect

obstruction in the small airways or loss of lung elastic recoil.

However, care must be exercised in interpreting results of closing

volume measurements in animals since the distribution of lung volume

and ventilation may be quite different from that of humans.

Two closing volume measurement techniques have been applied to

animals: nitrogen washout and bolus inhalation. These techniques

are outlined in Appendix B, Table B-6. Closing volume is represented

by the final steep slope of the nitrogen washout curve, which is due

to the emptying of the upper lung. Measurement of the closing volume

by bolus inhalation has been applied to animals. At the end of expi-

ration, the animal inhales small amounts of tracer gas, which is pre-

sumably distributed to upper lung zones, and then inhales room air or

oxygen to fill the lower pulmonary zones. During the next expira-

tion, while lung volume changes are recorded, the marker gas is moni-

tored at the mouth. The concentration of the marker gas increases at

the closing volume (Green et al. 1972; Kosch et al. 1979a).

Amis (1979) has refined the original radioisotopic-labeled gas

techniques of West and co-workers (1977) to measure the distribution
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of ventilation in the lungs of dogs. This technique has not been

tested completely in the injured lung, but shows promise as a sensi-

tive test for detecting airway and pulmonary parenchymal injury.

Maximum expiratory flow below 80 percent of vital capacity is

independent of effort and dependent upon airway resistance, lung

recoil and lung volume. Measure of the relationship of maximum

expiratory flow at different lung volumes has been used to examine

the relative contribution of small and large airways to pulmonary

resistance in healthy and injured lungs. Koo and co-workers (1976)

and Koach and co-workers (1979b) have developed techniques for study

of expiratory flow-volume relationships in laboratory animals. The

methods are technically demanding and time-consuming, and require

general anesthesia and tracheostomies.

2.3 Gas Exchange

Gas exchange is the general function by which there is a net

transfer of respiratory gases between the alveolar spaces and the

pulmonary capillary blood. Specifically, it is concerned with the

net diffusion of oxygen from the alveolar spaces to the pulmonary

capillary blood, and of carbon dioxide from the pulmonary capillary

blood to the alveolar spaces. These functions are linked to and

* dependent upon the level of alveolar ventilation, the evenness of

distribution of ventilation, the volume and distribution of pulmonary

capillary blood flow, and the diffusion membrane between the alveolar

space and the pulmonary capillary blood.
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Measurement of arterial blood-gas partial pressures (PaO 2

and PaC0 2) can give an overview of the respiratory gas exchange

and total pulmonary function. Additional testA are necessary to

identify mechanisms causing alnormal respiiatory gas exchange.

Arterial blood-gas partial pressures are frequently measured in

laboratory animals as part of the assessment of their pulmonary

function. Blood gases have been measured in rats, hamsters, guinea

pigs, cats, dogs, monkeys, preterm lambs, and calves, and can be

measured in any animal from which an adequate amount of blood (0.1 to

1.5 ml) can be removed anaerobically. Serial blood sampling and

analysis has been performed in animals as small as rats. Pulmonary

damage affecting the gas "exchanging ability" of the lung may be

manifested in the blood by an abnormally low partial pressure or

concentration of oxygen, and in some instances by abnormally high

concentration and partial pressure of carbon dioxide. Several

additional measurements (pH, base excess, HCO3 , 02 saturation)

have also been made in many cases, as these factors reflect the

capacity of the blood for 02 and CO2.

Hypoxemia (low arterial oxygen partial pressure [Pa02]) can

result from: (1) low-inspiratory oxygen, (2) hypoventilation, (3)

pulmonary alveolocapillary diffusion impairment, (4) mismatching of

ventilation and perfusion and/or (5) right-to-left pulmonary vascular

shunt. Hypercapnia (high-arterial carbon dioxide partial pressure

[PaCo2]) can result from hypoventilation, and in very severe cir-

cumstances, from mismatching of ventilation and perfusion.

32



Hypoventilation, described under dynamic pulmonary mechanics,

refers to an abnormally low alveolar ventilation. Under this circum-

stance, the alveolar-gas partial pressure of oxygen (Pa0 2) is low,

and the carbon dioxide partial pressure (PaC0 2) is high. These

changes from expected PaO 2 and PaC02 occur because the transport

for 02-uptake (V02 ) and C02-output (VCo2) is diminished. The

low PaO 2 and high PaC02 causes an increase in the alveolar-pulmonary

capillary partial pressure differences for 02 and C02, respectively

(PaO 2 -Pco 2 PcC0 2 -PaCO2) Nevertheless, the net transfer of 02

and CO2 between the alveolus and capillary blood decreases and re-

sults in a decrease in Pao 2 (hypoxemia) and an increase in PaCO2

(hypercapnia). Pulmonary injuries for which there is inadequate

ventilatory compensation lead to hypoventilation. Hypoventilation

is the most significant cause of hypercapnia.

Pulmonary alveolocapillary diffusion impairment is rarely a

significant pulmonary abnormality because of the large, diffusion-

capacity reserve of lungs and the relatively high diffusion coef-

f) ficients of 02 and C02. CO2 is about 20 times more diffusible

than oxygen between the pulmonary capillary blood and the alveolar

space. It is not retained with alveolocapillary wall changes. How-

ever, 02 transfer can be impaired if there is significant wall dam-

age. Pulmonary diffusion capacity can be estimated with functional

tests using carbon monoxide or radioisotopic-labelled 02- It is

not likely that these tests will detect early or mild pulmonary
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injury because of the large diffusing capacity reserve. Techniques

for measuring blood gases are well developed and, in most cases,

the investigators use commercial blood-gas analyzers. In all other

cases, the equipment used operates on the same principle as the com-

mercial analyzers and, therefore, a description of the analytical

methodology has not been provided in the tables in Appendix C in the

column headed "Specific Technique Employed." What this column does

contain is a description of the blood-sampling technique employed,

as this appeared to be the only significant difference between tech-

niques. Blood sampling has been accomplished both by percutaneous

puncture and by inserting indwelling catheters. Arterial blood has

been taken from the caudal, carotid and femoral arteries and the

aorta, and mixed venous blood (pulmonary venous return) has been

sampled in the pulmonary artery via a catheter inserted into a

peripheral vein. Procedures are simple, nonlethal, and have been

done without anesthesia.

Three techniques have been used: the single-breath techniques,

the rebreathing technique, and the steady-state technique using an

end-tidal sample. All of the techniques have been performed without

the use of anesthesia. Carbon monoxide is used rather than 02 for

this purpose because it binds strongly to hemoglobin allowing the

assumption of zero PaCO in arterial blood.

In the single-breath technique (Ogilvie et al. 1957), the sub-

ject makes a maximal inspiration of a gas mixture containing measured
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amounts of CO, helium and/or other inert gases and oxygen, holds it

for about 10 seconds, and releases it. The CO diffusing capacity

iv(DLCO) is calculated from these concentrations plus the concentra-
tions of CO and helium in the expired end-tidal gas. If diffusing

h! capacity is impaired, a smaller-than-normal quantity of CO will be

removed from the inspired air. For the rebreathing technique, the

subject rebreathes air in a closed system for a period of time (on

the order of 10 minutes) and the CO content of the air is continuouly

monitored. The steady-state, end-tidal technique involves having the

subject breathe a mixture containing a fixed amount of CO, collecting

the end-tidal expirate and recording its CO content when it has

reached a steady state. Of the three techniques, the single-breath

method appears to be the most rapid and most widely used.

By repeating the single-breath carbon monoxide diffusing ca-

pacity measurement at 2X or 3X PaO 2 greater than 150 mmHg, one

can obtain values to calculate the pulmonary capillary blood volume

(Vc). Vc can be of value in assessing the presence and magnitude

of pulmonary emphysematous changes in which there is destruction of

pulmonary parenchyma distal to the terminal airways.

Uneven matching of ventilation and perfusion is the most common

cause of hypoxemia. The assessment of ventilation distribution was

f described in the section on dynamic pulmonary mechanics, and the

distribution of pulmonary capillary blood will be described in the

section on circulation below.
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Right-to-left pulmonary vascular shunts (i.e., diversion of blood

flow from the right or pulmonary side of the heart to the left or

systemic side through an anomalous opening) cause hypoxemia and are

usually indicative of severe, often irreversible pulmonary injury.

There are techniques for estimating the magnitude of right-to-left

shunts. However, they are rarely used in toxicity studies because

the injury must be long-standing and advanced to produce right-to-left

shunts. In general, if the PaO2 is less than 500 mmHg following

several minutes of 02 breathing, one should suspect the existence of

a significant right-to-left shunt.

2.4 Pulmonary Circulation

Blood circulation through the lungs is the final step in the

pathway of pulmonary gas exchange. As outlined in Appendix D,

Table D-1, several indices of pulmonary circulation have been

described and measured (i.e., blood pressures and longitudinal dis-

tribution of vascular resistance) or calculated (i.e., capillary

blood volume, vascular resistance, left-to-right shunt) in cats and

dogs, before and after exposure to a number of toxic substances.

However, none of these has been widely used to detect damage in the

pulmonary system.

Blood pressures at points within the pulmonary circulation are

the only directly measured indices of circulatory function. Although

the blood pressure in the lungs is highly dependent on nonpulmonary

factors, these factors can be effectively eliminated by measuring

pressures in several branches of the cardiopulmonary circulation.
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Blood pressures are usually measured with an external strain-guage

transducer attached to an appropriately placed catheter. Recently

they have been measured with a pressure transducer actually in an

indwelling catheter.

Pulmonary vascular resistance (i.e., resistance to blood flow

through pulmonary vessels) has been calculated from the blood pres-

sures and rate of blood flow in the pulmonary artery or vena cava.

No instances have been found in which this measurement has been used

to evaluate damage produced by a pulmonary toxicant.

The final calculated parameter is the left-to-right shunt of

pulmonary blood (i.e., the portion of the pulmonary circulation which

does not reach the alveoli). In certain types of cardiopulmonary

damage, the shunt will be dramatically increased. This has been

calculated from the arterial-alveolar oxygen difference during pure

oxygen-breathing in dogs.

2.5 Defense Mechanisms

In addition to being an efficient organ of gas exchange, the

lung, as a primary target organ, must also function as a protective

barrier for the body against harmful agents. The major function

of the pulmonary defense mechanisms is the inactivation and/or the

removal of inhaled foreign material by: dilution in airway fluid

lining, immunologic inactivation, mucociliary transport, phagocytosis

by alveolar or blood-origin macrophages, and/or lymphatic drainage to

lymph nodes. Impairment of this function results in prolonged con-

tact with the invading material, further invasion into the lung and
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body, and increased overall toxic effects upon the host. Techniques

for measuring separately the components of the pulmonary defense

system (i.e., immunologic, mucociliary and alveolar macrophage

functions), have been developed in animal systems. These techniques

are outlined in Appendix E, Tables E-I through E-4, and are discussed

below.

The components measured in efforts to describe mucociliary func-

tion are the rate of mucociliary transport, the frequency of ciliary

beating and the size and distribution of mucous-secreting cells.

Techniques for acquiring these measurements are outlined in Appendix

E, Table E-1. The most widely used index of mucociliary transport

is the rate of movement of inert particles. Radiolabelled or highly

visible particles are inhaled or deposited on the trachea. The rate

of particle movement up the mucoclliary escalator may be measured in

vivo by scanning radioactivity or by high-speed filming. The filming

can be accomplished either by inserting a bronchofiberscope into the

trachea or by exposing it surgically. In vitro techniques have also

been used to measure mucociliary transport. These techniques involve

stroboscope observations of deposited or previously inhaled graphite

particles in excised trachea. Similar in vivo filming and in vitro

observation techniques have been used to measure cilia-beating fre-

quency as an index of mucociliary transport function.

An increase in the production of mucus, which is a sensitive and

integral part of the mucociliary transport system, is reflected by an
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increase in size and distribution of mucus secreting cells. Standard

histopathologic techniques and scanning electron microscopy have been

used to observe and quantify mucus cells in tissue sections. Counts

of mucus cells are used as an index of the lung's defense response to

injury. This is an indirect index and is not known to correlate with

an effective clearance of inhaled toxicants.

Damage to alveolar macrophages, which would reduce the ability

* r of the system to ingest and remove foreign material, has been mea-

sured primarily by in vitro techniques as outlined in Appendix E,

Table E-2. Alveolar macrophages are extracted from lung lavage, and

damaged macrophages are considered to be an indication of decreased

resistance to respiratory infection. Green and Goldstein (1966)

have labeled bacteria with an isotope which enables them to estimate

the number of bacteria inhaled by an animal, the number cleared by

the mucociliary escalator, the number engulfed by macrophages and the

number killed with and without air pollution insult.

2.6 Biochemical Techniques

The absence of biochemical indicators of pulmonary damage (based

on the definition in Section 1.0) has been documented in the lite-

rature (Witschi 1975, 1976; Witschi and Cote 1977) and emphasized

during personal communications (Witschi 1979; Henderson 1979; Mustafa

1979). Turino et al. (1974) state that "... At present, we are just

beginning to appreciate alterations of structure and the mechanisms

which may underlie such structural alterations at the molecular
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level." Further emphasizing this point, mustafa and Tierney (1978)

state "...we are...just beginning to understand the biochemical

mechanisms by which agents injure the lung...."

The problems inherent in elucidating biochemical indicators of

pulmonary damage are due primarily to the complex nature of lung

tissue. There are over 40 different pulmonary cell types and their

functions are not yet well understood. This cellular heterogeneity

of the lung hampers biochemical analyses of lung tissue homogenates.

Since conventional biochemical assays only reflect the average change

of many different cells, even major changes in one population may go

unnoticed (Witschi and Cote 1977; Mustafa and Tierney 1978). Further

emphasizing this point, Crystal (1976), in his book, The Biochemical

Basis of Pulmonary Function, states "Unless biochemical measurements

are made on the local level, changes may be lost in the overall com-

plexity of the lung." Despite the complexity of the cell types and

distribution of tissue types in the lung, assessment of the biochem-

istry of lung regions (e.g., parenchyma vs. airways), cell types

(e.g., alveolar macrophages, airway epithelium), and/or tissue types

(e.g., collagen), has shown distinctive bicchemical features in

pulmonary tissue exposed to certain toxic substances. It is likely

that biochemical testing will become an important and sensitive

indicator of early pulmonary injury.

Pulmonary toxicity studies at the biochemical level have been

done to test for indicators of pulmonary damage, and to understand
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the injury mechanisms of respiratory toxins. Attempts have been made

to correlate biochemical measurements with those indicators of pulmo-

nary damage previously defined. Several approaches have been under-

taken to develop biochemical indicators of pulmonary damage. These

include techniques which measure:

* Various biochemical parameters correlating to Type 2 alveolar
cell proliferation, including RNA to DNA ratios and the rate
of synthesis of RNA and DNA

* Specific enzymes and components of lavage

* Lung tissue or serum enzyme activities

e Lipid peroxidative products

* Components of surfactants and collagen

* Secretion of glycoproteins by tracheal slices

e Energy utilization and 02 consumption of lung cell
suspensions, lung slices and homogenates

Type 2 cell proliferation has been studied morphologically and

biochemically. It is well understood that Type I alveolar cell dam-

age is followed or accompanied by Type 2 cell proliferation. How-

ever, Witschi (1976), writing of attempts to correlate changes in

measurements of biochemical parameters with proliferation of Type 2

alveolar cells, concludes that the evidence is only indirect and,

[i) therefore, inadequate for screening purposes. Autoradiography and

other morphological techniques used in measuring Type 2 alveolar cell

proliferation are reviewed in Section 2.1.
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Due to the complexity of the lung tissue, lung lavage has been

used to examine biochemical indicators of pulmonary damage (Henderson

et al. 1979). Those biochemical indicators examined, and the signif-

icance of their measurements, are outlined in Table 2-2. The lavage

techniques described by Henderson and co-workers (1979) is included

in Appendix F, Table F-1.

The trachea has either been exposed to toxic substances in viva,

then excised, sliced and incubated in media, or sliced and exposed

in vitro to toxic agents where the secretion rates of mucus glyco-

proteins have been monitored f or inhibition. Last and co-workers

(1979), in studies of chromate toxicity, found that tracheal slices

were sensitive to the effects of chromate; and they also found

similar rates of inhibition between slices from the two different

exposurei methods at approximately the same exposure concentrations,

thus validating the In vitro procedure.

The perfused lung technique has been used primarily to study

metabolism, not the effects of toxic substances. In this technique,

the lungs from a laboratory animal are excised and the pulmonary

artery, left atrium and trachea are cannulated. Perfusion media is

then pumped through the pulmonary artery and the vessels in the

lungs, and collected at the left atrium while the lungs are venti-

lated with a ventilation pump through the trachea. Slices of excised

lungs can also be cultured in perfusion media. The lung slices have

been used to study lung metabolism, especially glucose oxidation

rates (Rhoades 1974).
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TABLE 2-2

BIOCHMEICAL MEASUREMENTS FROM BRONCHOPULMONARY
LAVAGE BY HENDERSON ET AL., 1979

MEASUREMENT SIGNIFICANCE

lactate dehydrogenase cytoplasmic enzyme, occurs extra-
cellularly in presence of damaged
cells or from serum in the presence
of pulmonary edema

glucose - 6P - dehydrogenase cytoplasmic enzyme shown to occur
in Type 1 cells (Vijeyaratnam and
Corrin, 1972), occurs extracellularly
in presence of damaged cells; marker
enzyme for hexose - monophosphate
shunt pathway of glucose metabolism,
which increases during repair process.
Precaution: is a marker for leukocytes
and RBC's if any hemorrhagic diathesis
occurs. (Rossi et al. 1975)

acid phosphatase lysosomal enzyme, indicating
phagocytosis by or damage to alveolar
macrophages. Precaution: not specific
for pulmonary alveolar macrophages
(Unane 1976; Weissman et al. 1971)

8-glucuronidase lysosomal enzyme, indicating
phagocytosis by or damage to alveolar
macrophages. Precaution: not specific
for pulmonary alveolar macrophages
(Unane 1976; Weissman et al. 1971)

alkaline phosphatase associated with Type 2 epithelial cells
but not in Type 1 cells or alveolar
macrophages (Witschi 1976; Vijeyaratnam
and Corrin, 1972); increased levels in
lavage might reflect Type 2 damaae
transudation of serum proteins will also
increase levels

trypsin inhibitory capacity important in repair process; therefore,
an increase may suggest response to
damage or be indication of transudation;
difficult to measure in edamatous lungs
and is difficult to interpret

collagen reduction in quantity or presence of
excess catabolites considered indication
of injury to connective tissue
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The most commonly cultured mammalian lung cells are the alveolar

macrophages, since they are easy to obtain from lung lavage samples;

however, their contribution to overall lung metabolism and function

is probably small (Tierney 1974). Because the lung contains such a

wide variety of distinct cell types, the dispersal and culturing of

viable cell types has been difficult (Clements et al. 1972). Those

cell types that have been successfully cultured, such as Type 2

cells, have been mainly used in the study of cellular metabolism and

have not been used to investigate the effects of toxic substances.

These in vitro techniques have the same major disadvantage as

other in vitro techniques, in that the properties of the organs, tis-

sues or cells used probably differ from those in the intact animal.

All of these techniques are in the developmental stage and are not

sufficiently established to be useful for screening purposes.

These techniques have been utilized to a limited extent in ef-

forts to define the mechanism(s) of injury of a few known respiratory

toxicants; however, the measurements made have not been conclusively

correlated to define the indices of damage. The specific indices

examined with respect to the toxic action of three widely studied

oxidants (i.e., 02, 03, NO2), as well as selected other compounds,

are listed in Table 2-3.

The use of biochemical techniques to determine damage induced by

those compounds which might be expected to have similar toxic actions

(e.g., oxidants) has not proved satisfactory, since biochemical
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TABLE 2-3

BIOCHEMICAL INDICES OF PULMONARY FUNCTION WIDELY STUDIED DURING
DESCRIPTION OF MECANISMS OF TOXICANT INJURY

0 INDICATOR MEASURED C01POUNDS TESTED REFERENCES
$1ucose-6-phosphate 0 3 Chow and Tappel, 1972 and

doehydrogenase 1973; DeLucia et al., 1972

paraquat Witschi and Kacew, 1974

CdCI 2  Hayes et al., 1976;
Omaye at al., 1976

lactate dehydrogenase NO2  Witschi, 1975; Buckley and
Balchum, 1965 and 1967

beryllium Reeves, 1966; Reeves and
Vorwald, 1967

paraquat Witachi and Kacew, 1974

03 Chow and Tappel, 1973

CdC1 2  Hayes et al., 1976

aldolase 03 Chow and Tappel, 1973

NO2  Witschi, 1975; Ramazzotto
and Rappaport, 1971;
Buckley and Balchum, 1965
and 1967

benzpyrene hydroxylase Ni(CO) 4  Sunderman, 1967

cannabis Witschi and Saint-Francois,
1972

03 Palmer at al., 1971 and
1972

aryl hydrocarbon cigarette Akin and Bonner, 1976

hydroxylase smoke

beryllium Jacques and Witschi, 1973

paraquat Witschi and Kacew, 1974
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TABLE 2-3 (Contirnued)

INDICATOR MEASU1RED COMPOUNDS TESTED REFERENCES

glutathione reductase 0 3 Chow and Tappel, 1972 and
1973; DeLucia at al., 1972

CdCl 2  Omaye at al., 1976

glutathione peroxidase 0 3 Chow and Tappel, 1972 and
1973

CdCl 2  Omaye et al., 1976

isocitric dehydrogenase paraquat Witschi and Kacew, 1974

CdCl 2  Hayes at al., 1976

pyruvate kinase 0 3Chow and Tappel, 1973
3aautWtci n ae,17

urdn iaeparaquat Witschi and Kacew, 1974

butylated Adamson et al., 1977
hydroxytoluene

thymidine kinase butylated Adamson et al., 1977
hydroxytoluene

monoamine oxidase 0 2Mustaf a and Tierney, 1978
2aautWtci n ae,17

cyohoeCparaquat Witschi and Kacew, 1974

reductase

O Mustafa and Tierney, 1978;
DeLucia et al., 1972

cytochrome C NO 2  Ramazzotto and Rappaport,
oxidaso 1971

succinic dehydrogenase NO Ramazzotto and Rappaport,
1971
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TABLE 2-3 (Continued)

IDCATOR MEASURED COMPOUNDS TESTED REFERENCES

malate dehydrogenase CdCl2  Hayes et al., 1976

malic enzyme 03 Chow and Tappel, 1973

phosphofructokinase 03 Chow and Tappel, 1973

lysozyme CdCI2  Omaye at al., 1976

cathepsins C & D CdCI2  Omaye et al., 1976

-N-acatyl CdCI 2  Omaye et al., 1976
glucosaminidase

acid phosphatase CdCI2  Omaye et al., 1976

alkaline phosphatase 03 Scheel et al., 1959

5' nucleotidase 03 Scheel et al., 1959

cytochrome P-450 03 Mustafa and Tierney, 1978

f 6-phosphogluconate 03 Chow and Tappel, 1973
dehydrogenase

ATPase paraquat Witschi and Kacew, 1974

malonaldehyde 03 Chow and Tappel, 1972
(product of lipid
peroxidation) NO2  Thomas et al., 1968

03 Fletcher and Tappel, 1973

conjugated dienes NO2  Thomas et al.,19 68

(products of lipid
peroxidation)

thiobarbituric acid CdCI2  Omaye et al., 1976
reactive products

(malonaldehyde
analysis)

dipalmitoyl 02 Mustafa and Tierney, 1978
phosphatidyicholine
(surfactant component)

47



TABLE 2-3 (Concluded)

INDICATOR MEASURED COMPOUNDS TESTED REFERENCES

palmitic acid NO Arner and Rhoades, 1973
(surfactant component)

02 Morgan et al., 1965

hydroxyproline NO2  Drozdz et al., 1977
(collagen component)

collagen breakdown, CdCl2 Henderson et al., 1979
products

02 consumption 03 Mustafa and Tierney, 1978

NO2  Buckley and Balchum, 1965

metabolism of glucose paraquat Mustafa and Tierney, 1978

02 Mustafa and Tierney, 1978

NO2  Mustafa and Tierney, 1978

zinc paraquat Hollinger at al., 1978

03 Dixon et al., 1966

copper 03 Dixon et al., 1966

molybdenum 03 Dixon et al., 1966
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response has been shown to vary with compounds. This problem is

compounded by the ability of many metabolic pathways to adapt to

stressed conditions (eeg.,, an increase or decrease in the level of an

enzyme may appear only for a limited time, followed by normal levels

after adaptation). The substances listed in Table 2-3 have been com-

piled to illustrate the multitude of indicators studied in efforts to

define toxic mechanisms of injury for selected compounds. However,

considering all the difficulties enumerated in this section concern-

ing the ability of biochemical measurements to consistently reflect

pulmonary damage, it is unlikely that the inclusion of any of these

in a screening program for potential pulmonary toxicants would beI

advantageous. Nevertheless, it is likely that biochemical testing

will become important and sensitive in detecting pulmonary damage,

and will have considerable application in future screening efforts.
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3.0 CONCLUSIONS AND RECOMMENDATIONS

The available short-term protocols for assessment of pulmonary

system damage have been assigned to six categories. Four of the

categories--respiratory mechanics, gas exchange, pulmonary circula-

tion, and defense mechanisms--are defined on the basis of pulmonary

function, while the remaining two--morphology and biochemistry--are

defined on the basis of structure. The structural and biochemical

activities of the lung influence the mechanical, gas-exchange and

.i lung-defense functions, and for that reason are an inseparable part

of function. The advantage of the division of the categories is to

enable one to define specific measurements more precisely and to

attempt to associate specific functional, structural or biochemical

features with specific regions and/or cell types of the lungs.

Evaluation for pulmonary damage caused by inhaled substances should

include several measures of function, structure and biochemistry.

An alternate approach would be to determine the structural basis

of alterations in the pulmonary function measurements and to devise

a battery of tests which encompass all of the distinct aspects of

damage. Much additional research is necessary before this approach

can be successfully utilized.

Within each of the categories of function, there is essentially

only one level of test sophistication and measurement interpretation,

as there is practically no reliable information about which tests are

more sensitive, accurate, etc.; therefore, the available tests are
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not readily adaptable at this time to a tiered screening program,

although there are certain measurements which would be best performed

as the last in the battery of appropriate tests. The only possible

hierarchicalization is likely to be one based on species utilized.

Evaluation of individual tests within a category is based on a

myriad of considerations. These considerations pertain primarily to:

(a) costs of the measurement (defined broadly to include monetary

costs of the equipment, animals and labor; the time required to per-

form the experiment; and the skills necessary to perform the measure-

ment), (b) validity of the measurement, including its sensitivity,

accuracy and reproducibility, and (c) significance with regard to

reflecting human pulmonary damage. At the current stage of pulmonary

testing development, many important considerations can be applied

only subjectively to the evaluation of individual tests, while others

cannot be addressed at all due to a lack of data. Those which can be

applied with sufficient confidence to be used as selection criteria

are described in the following section.

3.1 Criteria Used in Evaluating Pulmonary System Tests

To evaluate the available tests defensibly, a number of

pertinent selection criteria have been identified. These criteria

are: the test's state of development and whether it (a) has been

performed in small animals and conscious animals; (b) is terminal;

(c) is sensitive, accurate and reproducible; and (d) is relatively

easy to perform. Other criteria are useful in theory, but their[
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application is prevented by the unavailability of the requisite data.

For example, the cost of equipment required to perform the test is

important, but extremely difficult to ascertain, because much of the

equipment utilized at present is of unique design and construction.

The rationale for selection of each of the criteria employed is pre-

sented in the following paragraphs.

The selection of the animal species is of utmost importance and

influenced largely by the following three major considerations:

(1) Appropriateness of the animal as a biomedical model. If the
aim is to predict the response of human beings from study of
an animal's response to a pulmonary toxicant, one must know
if the animal model is capable of responding as a human
being might respond.

(2) Initial costs of animals (rare and large animals are gener-
ally costly) and costs of maintaining the animals. Large or
unusual laboratory animals are usually more costly to main-
tain than conventional, small, laboratory mammals.

(3) Ease with which the pulmonary function tests are adapted to
small laboratory animals. Small laboratory animals have
many advantages in testing (e.g., being readily available;
generally less costly to purchase and maintain; available in
uniform breed types; and in general better known in terms of
their husbandry, diseases, and biology). However, with the
exception of restraint requirements, large animals present
fewer technical problems in respiratory function tests.
This is particularly true when measurements of dynamic
pulmonary mechanics are to be done.

Benefits and drawbacks have both been ascribed to the use of

anesthesia. The major drawbacks are (1) the toxic and depressing

effects of the anesthetic agent on the pulmonary system and (2) the

dose-dependent and variable changes in respiratory function caused by
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the anesthetic agents. Because of the anxiety produced by the test-

ing situation, conscious animals may change aspects of their cardio-

pulmonary function during testing. Anesthesia has the advantage of

significantly reducing the time and difficulty involved in restrain-

ing uncooperative animal test subjects. Some pulmonary function

tests can only be done on animals while under general anesthesia.

Whether or not the measurement procedure entails animal termi-

nation is an important consideration if the intention is to perform

serial or multiple measurements during a single experiment, or to use

the animal for more than one experiment. In the first two cases,

however, the measurement techniques themselves may damage the lungs

and affect subsequent measurements, while in the latter, there is

also the possibility that exposure sustained in one experiment may

alter the sensitivity of the lungs to additional challenges. Reuse

of animals is probably a realistic consideration only with larger

animals, with which it may be an economic necessity as well. All of

the measurements of respiratory mechanics and gas exchange, and four

of the five measurements of pulmonary circulation, do not entail ani-

mal death. Pulmonary clearance and studies on lung lavage material

can be done repeatedly on living animals.

Two of the criteria employed for evaluating pulmonary function

tests are subjective. The first is a judgment about the test's state

of development and its refinement for toxicity screening. This judg-

ment is based in part on comments made by researchers in telephone
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contacts and in their publications, and in part on the number of pub-

lished experiments in which the measurement was utilized to indicate

toxicity.

The ease with which a test is performed is also a highly sub-

jective evaluation encompassing the physical difficulty of performing

the test and the conceptual difficulty involved in interpreting the

results. Judgements about the ease of a test's performance must be

recognized as being more-er-less equivocal.

3.2 Tests Recommended for Inclusion in a Pulmonary Toxicant
Screening Program

Several pulmonary function tests satisfy all of the specified

selection criteria and are, therefore, recommended for inclusion in a

pulmonary toxicant screening program. These are briefly discussed in

the following paragraphs.

Compliance and Resistance Tests

These measurements have been made in many species using several

techniques. Some of these techniques are not terminal and do not

require sustained anesthesia. The value of these measurements has

been confirmed by a number of researchers under a variety of condi-

tions.

Lung Volume and Capacity Tests

These measurements have also been made in many species using

several techniques. As indicators of toxicity, they have not been as

widely employed as compliance and resistance, but they are considered
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by some to be quite sensitive (O'Neil 1978), and may be more sensi-

tive indicators of restrictive or obstructive conditions.

Distribution of Ventilation by Nitrogen Washout Test

This measurement has been made by two separate techniques in a

number of species. The test is considered sensitive (Coate 1978;

Alarie 1978), particularly to damage along the peripheral airways

that do not affect lung volumes, capacities, resistance or compli-

ance; however, the technique is demanding to perform.

Arterial Blood Gas Measurements

Blood gas measurements are valuable indices of the overall

function of the lung. They are best done on conscious animals with

chronic, indwelling catheters so that blood collection does not dis-

turb the animal. Anesthesia will itself change blood-gas values from

the control (conscious) state and make interpretation of results

difficult.

Carbon Monoxide Diffusing Capacity Test

This measurement has been widely made in animals. Both the

single-breath and rebreathing techniques have been used in small

animals, but only under sustained anesthesia. One advantage of dif-

fusing capacity is that the measurement techniques require some of

the same equipment used to perform several of the recommended mea-

surements of respiratory mechanics.
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3.3 Tests Warranting Consideration for Inclusion in a Pulmonary

Toxicant Screening Program

There are several tests which do not satisfy all the selection

criteria listed in Section 3.1, but do warrant consideration for

inclusion in a pulmonary toxicant screening program.

Morphological Measurements

Although these measurements are terminal in nature, they can

provide important information and usually detect pulmonary damage

sooner than alterations are detected in other pulmonary tests.

Observations of general morphology, and gross and microscopic histo-

pathology may be appropriate for inclusion in a screening program

after other nonterminal tests have been performed. For screening

purposes, these tests might also be performed only for those sub-

stances for which no indications of damage were obtained using other

techniques. Scanning electron microscopy is a relatively fast and

informative test for surface injury in the lung. It is expensive,

but may be the most effective means of detecting lesions in small

airways and parenchyma.

Pulmonary Clearance of Inert Particles or Bacteria

Although these measurements are terminal, as are most defense

mechanism measurements performed in small animals, consideration

should be given to inclusion in a screening program of at least one

pulmonary defense measurement. Pulmonary clearance has been widely

demonstrated in small animals and provides an overall analysis of the

functioning of the pulmonary defense system.
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Viability of Alveolar Macrophages and Alveolar Macrophage Function of
Phagocytosis

Although these measurements are terminal in small animals, con-

sideration should be given to including at least one measurement of

pulmonary defense in a screening program. Tests of viability and

function of alveolar macrophages have been well developed, are easy

to perform, and have been used and are recommended for general toxic-

ity screening (Waters 1979).

3.4 Tests Not Recommended f or Inclusion in a Pulmonary Toxicant
Screening Progzram

There are tests, originally reviewed, which for varying reasons

fail most of the selection criteria and, therefore, should not be

included in a pulmonary toxicant screening program. These are

briefly reviewed below.

Morphometric Measurements

These measurements are not recommended for inclusion in a

screening program for pulmonary toxicants, since they necessitate

terminatton of the animals, and are difficult to perform, time-

consuming, and more useful for quantification of damage than detec-

tion of damage.

Distribution of Ventilation by Closing Volume

This technique is not recommended for inclusion in a toxic sub-

stances screening program because its applicability has not been

widely documented. The technique for measuring closing volume is not

weil developed and its use in small animals has not been reported.
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02 Uptake. C02 Output. Specific Ventilation. Alveolar Gas Pressures

These measurements of gas exchange are not recommended for

inclusion in a pulmonary toxicant screening program in small mammals,

because no documentation was found in the literature concerning the

successful application of these procedures in animals smaller than

dogs.

Circulatory Measurements

These measurements are not recommended for inclusion in a

screening program for pulmonary toxicants, because no documentation

was found in the literature concerning the successful application of

these procedures in animals smaller than cats. Even those tests per-

formed in cats and dogs have not been widely used or, as is the case

with pulmonary vascular resistance, have not been used to evaluate

damage produced by a pulmonary toxicant.

Mucociliary Transport of Inert Particles

This measurement is not recommended for inclusion in a pulmonary

toxicant screening program because it has not been performed in

conscious animals other than dogs, the use of small animals has been

minimal, and, when used, small animals must be terminated before or

after observation. In addition, pulmonary clearance tests, which

have been more widely demonstrated to be useful, can provide an indi-

cation of mucociliary transport and are mare likely to be applicable

f or screening purposes.
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Cilia Beating Measurements

These measurements are not recommended for inclusion in a

screening program for pulmonary toxicants because they can only be

performed in a terminated animal or in an anesthetized animal, which

must be terminated upon test completion. Neither technique has been

widely employed.

Respiration and ATPase Activity of Alveolar Hacrophage

These measurements are not recommended for inclusion in a

screening program for pulmonary toxicants because they are time-

consuming and have not been widely demonstrated to be useful.

Resistance to Respiratory Infection

This measurement is not recommended for inclusion in a pulmonary

toxicant screening program because the test is not only terminal in

nature but requires a large number of animals in order to obtain

meaningful results.

Biochemical Measurements

These measurements are not recommended for inclusion in a toxic

substances screening program because many of the measurements are

terminal and have not been sufficiently developed to be useful in a

screening program.

3.5 New Pulmonary Tests

A few new tests are currently being developed which may show

promise in detecting pulmonary damage. These are not currently

60



recommended for inclusion in a screening program; however, with fur-

ther development they may prove useful in screening toxic substances

for pulmonary effects.

New and developing tests:

1. Oscillatory airway resistance.

2. Maximum expiratory flow-volume.

3. Frequency dependence of resistance.

4. Frequency dependence of compliance.

5. Frequency dependence of impedance.

6. Pulmonary mechanical reflexes.

61



BLA~ii( PAgE



4.0 REFERENCES

Adalis, D., D.E. Gardner, F.J. Miller and D.L. Coffin, 1977. "Toxic
effects of cadmium on ciliary activity using a tracheal ring model
system." Environmental Research 13:111-120.

Adamson, I.Y.R., D.H. Bowden, M.G. Cote and H. Witschi, 1977. "Lung
injury induced by butylated hydroxytoluene." Laboratory Investiga-
tion 36:26-32.

Akin, F.J. and J.F. Benner, 1976. "Induction of aryl hydrocarbon
hydroxylase in rodent lung by cigarette smoke: A potential short-
term bioassay." Toxicology and Applied Pharmacology 36:331-337.

Alarie, Y., 1978. Personal communication.

Alarie, Y., C.E. Ulrich, R.H. Haddock, H.F. Jennings and E.F. Davis,
19 70a. "Respiratory system flow resistance with digital computer
techniques measured in cynomolgus monkeys and guinea pigs." Archives
of Environmental Health 21:483-491.

Alarie, Y., C.E. Ulrich, W.M. Busey, H.E. Swann, Jr. and H.N
MacFarland, 1979. "Long-term continuous exposure of guinea pigs to
sulfur dioxide." Archives of Environmental Health 21:769-777.

Alarie, Y., A.A. Krumm, H.J. Jennings and R.H. Haddock, 19 71a. "Dis-
tribution of ventilation in cynomolgus monkeys. Measurement with
real-time digital computerization." Archives of Environmental Health
22:633-642.

Alarie, Y., C.E. Ulrich, A. Krumm, R.H. Haddock and H.J. Jennings,
1971b. "Mechanical properties of the lung in cynomolgus monkeys.

)Measurement with real-time digital computerization." Archives of
Environmental Health 22:643-654.

Alarie, Y.C., A.A. Krumm, W.M. Busey, C.E. Ulrich and R.J. Kantz,
1975. "Long-term exposure to sulfur dioxide, sulfuric acid mist, fly
ash, and their mixtures. Results of studies in monkeys and guinea
pigs." Archives of Environmental Health 30:254-262.

Albert, R.E., J. Spiegelman, M. Lippmann and R. Bennett, 1968. "The
characteristics of bronchial clearance in the miniature donkey."
Archives of Environmental Health 17:50-58.

Albert, R.E., J. Berger, K. Sanborn and M. Lippmann, 1974. "Effects
of cigarette smoke components on bronchial clearance in the donkey."
Archives of Environmental Health 29:96-101.

63



Amdur, M.0., 1960. "The response of guinea pigs to inhalation of
formaldehyde and formic acid alone and with sodium chloride aerosol."
International Journal of Air Pollution 3:201-220.

Amdur, M.O., 1978. "Respiratory response to iodine vapor alone and
with sodium chloride aerosol." Journal of Toxicology and Environ-
mental Health 4:619-630

Amdur, M.O. and J. Mead, 1955. "A method for studying the mechanical
properties of the lung of unanesthetized animals: applicatjon to the
study of respiratory irritants." Proceedings of the National Air
Pollution Symposium, 3rd edn. Pasadena, California. pp. 150-159.

Amdur, M.O. and J. Mead, 1958. "Mechanics of respiration in unanes-
thetized guinea pigs." American Journal of Physiology 192:364-368.

Amis, J.C., 1979. Regional Lung Function in Man and the Dog, Ph.D.
Thesis, University of London.

Aranyi, C., S. Andres, R. Ehrlich, J.D. Fenters, D.E. Gardner and
M.D. Waters, 1977. "Cytotoxicity to alveolar macrophages of metal
oxides adsorbed on fly ash." Pulmonary Macrophage and Epithelial
Cells, ERDA Symposium Series 43:58-65.

Arner, E.C. and R.A. Rhoades, 1973. "Long-term nitrogen dioxide
exposure. Effects on lung lipids and mechanical properties."
Archives of Environmental Health 26:156-160.

Aviado, D.M. and T. Watanabe, 1974. "Functional and biochemical
effects on the lung following-inhalation of cigarette smoke and
constituents. I. High and low nicotine cigarettes in mice."
Toxicology and Applied Pharmacology 30:185-200.

Barrow, R.E. and R.G. Smith, 1975. "Chlorine induced pulmonary
function changes in rabbits." Journal of the American Industrial
Hygienist Association 36:398-403.

Barrow, R.E., A.J. Vorwald and E. Domier, 1971. "The measurement of
small animal respiratory volumes by capacitance respirometry."
Journal of the American Industrial Hygienist Association 32:593.

Basrur, P.K. and V.R. Basrur, 1976. "Respiratory surface epithelium:
SEM technique for bioassay on inhalants." Scanning Electron Micro-
scopy 2:623-630. 0. Jahari and R.P. Becker (eds.).

Battigelli, M.C., F.R. Hengstenberg, R.J. Monnella and A.P. Thomas,
1966. "Mucociliary activity." Archives of Environmental Health
12:460-466.

64



Berger, J., R.E. Albert, K. Sanborn and M. Lippmann, 1978. "Effects
of atropine and methacholine on deposition and clearance of inhaled
particles in the donkey." Journal of Toxicology and Environmental
Health 4:587-604.

Bergstrom, R. and R. Rylander, 1976. "Pulmonary injury and clearance
of MnO2 particles." Proceedings of the 16th Annual Hanford Biology
Symposium: 523-532.

Berkheiser, S.W., 1963. "Epithelial proliferation of the lung asso-
ciated with cortisone administration." Cancer 16:1354.

Bisgard, G.E., A.V. Ruiz, R.F. Grover and J.A. Will, 1973. "Ventila-
tory control in the Hereford calf." Journal of Applied Physiology
35:220-226.

Boatman, E.S. and N.R. Frank, 1974. "Morphologic and ultrastructural
changes in the lungs of animals during acute exposure to ozone."
Chest 65 (suppl.):9S.

Bohning, D.E., R.E. Albert, M. Lippmann and V.R. Cohen, 1975.
"Effects of fluorocarbons 11 and 12 on tracheobronchial particle
deposition and clearance in donkeys." American Industrial Hygiene
Association Journal: 902-908.

Brain, J.D., 1977. "The respiratory tract and the environment."
Environmental Health Perspectives 20:113-126.

Brain, J.D. and G.C. Corkery, 1977. "The effect of increased par-
ticles on the endocytosis of radiocolloids by pulmonary macrophages
in vivo: competitive and toxic effects." Inhaled Particles 4:551-
564.

Brashear, R.E., J.C. Ross and W.J. Daly, 1966. "Pulmonary diffusion
and capillary blood volume in dogs at rest and with exercise." Jour-
nal of Applied Physiology 21:516-520 (as cited in Lewis et al.,
1974).

Brink, C., P. Ridgway and J.S. Douglas, 1977. "Modification of air-
way smooth muscle responses in the guinea pig by hydrocortisone, in
vitro and in vivo." Journal of Pharmacolosy and Experimental
Therapeutics 203:1-11.

Brink, C., P. Ridgeway, J.S. Douglas and A. Bouhuys, 1975.
"Anti-inflammatory drugs and airway responses in the guinea pig."
Federation Proceedings 34:3.

65

1



Brink, C., J.S. Douglas, P. Ridgway and A. Bouhuys, 1976. "Modulation
of airway responses in the guinea pig: effect of ascorbic acid."
Federation Proceedings 35:3.

Buckley, R.D. and O.J. Balchum, 1965. "Acute and chronic exposures to
nitrogen dioxide effects on oxygen consumption and enzyme activity on
guinea pig tissues." Archives of Environmental Health 10:220-223.

Buckley, R.D. and O.J. Balchum, 1967. "Enzyme alterations following
nitrogen dioxide exposure." Archives of Environmental Health 14:687-
691.

Caldwell, E.J. and D.L. Fry, 1969. "Pulmonary mechanics in the rab-
bit." Journal of Applied Physiology 27:280-285.

Campbell, K.I., 1978. Proposed Protocol for Chronic Diesel Study
(TADE-Il) Toxicity with Respect to Altered Susceptibility to Infec-
tion. U.S. Environmental Protection Agency, Health Effects Research
Laboratory, Cincinnati.

Chopra, S.K., 1978. "Effect of atropine on mucociliary transport
velocity in anesthetized dogs." American Review of Respiratory
Disease 118:367-371.

Chow, C.K. and A.L. Tappel, 1972. "An enzymatic protective mechanism
against lipid peroxidation damage to lungs of ozone-exposed rats."
Lipids 7:518-524.

Chow, C.K. and A.L. Tappel, 1973. "Activities of pentose shunt and
glycolytic enzymes in lungs of ozone-exposed rats." Archives of
Environmental Health 26:205-208.

Clements, J.A., A.L. Jones and J.H. Felts, 1972. "Dispersal of rab-
bit lung into individual viable cells: new model for the study of
lung metabolism" Science 178:1209-1210.

Coate, W.B., 1978. Personal communication.

Coate, W.B., T.R. Lewis, W.M. Busey and W.H. Schoenfisch, 1977.
"Chronic inhalation exposure of rats, rabbits, and monkeys to 1, 2,
4-trichlorobenzene." Archives of Environmental Health 32:249-255.

Coate, W.B., W.M. Busey, W.H. Schoenfisch, N.M. Brown and E.A.
Newmann, 1978. "Respiratory toxicity of enzyme detergent dust."
Toxicology and Applied Pharmacology 45:477-496.

66



Connolly, T.P., A.A. Noujaim and S.F.P. Man, 1978. "Simultaneous
canine tracheal transport of different particles." American Review of
Respiratory Disease 118:965-968.

Corn, M., N. Kotsko, D. Stanton, W. Bell and A.P. Thomas, 1972.
"Response of cats to inhaled mixtures of SO2 and S02-NaCl aerosol
in air." Archives of Environmental Health 24:248-256.

Costa, D., 1979. Personal communication.

Cree, B.M., J.R. Benfield and H.K. Rasmussen, 1968. "Differential
lung diffusion, capillary volume and compliance in dogs." Journal of
Applied Physiology 25:186-190.

Cross, C.E., A.B. Ibrahim, M. Ahmed and N.G. Mustafa, 1970. "Effect
of cadmium ion on respiration and ATPase activity of the pulmonary
alveolar macrophage." Environmental Research 3:512-520.

Crystal, R.G. (ed.), 1976. The Biochemical Basis of Pulmonary Func-
tion. Marcel Dekker, Inc., New York.

Dalbey, W., 1979. Personal communication.

Dalhamn, T., 1956. "Mucous flow and ciliary activity in the trachea
of healthy rats and rats exposed to respiratory irritant gases." Acta
Physiologica Scandinavica 36:1-161 (as cited in Dalhamn and Stranberg,
1961).

Dalhamn, T., 1961. "Studies on the effect of sulfur dioxide on
ciliary activity in rabbit trachea in vivo and in vitro and on the
resorptional capacity of the nasal cavity." American Review of
Respiratory Disease 83:566-567.

Dalhamn, T. and L. Strandberg, 1961. "Acute effect of sulfur dioxide
on the rate of ciliary beat in the trachea of rabbit, in vivo and in
vitro, with studies on the absorptional capacity of the nasal cavity."
TnIiernational Journal of Air Pollution 4:154-167.

DeLucia, A.J., P.M. Hoque, M.G. Mustafa and C.E. Cross, 1972. "Ozone
interaction with rodent lung: effect on sulfhydryls and sulfhydryl-
containing enzyme activities." Journal of Laboratory and Clinical
Medicine 80:559-566.

Dennis, M.W., J.S. Douglas, J.V. Casby, J.A.J. Stolwijk and A.
Bouhuys, 1969. "On-line computer for dynamic lung compliance and
pulmonary resistance." Journal of Applied Physiology 26:248-252.

Diamond, L., 1978. Personal communication.

67



Diamond, L., G.K. Adams, B. Bleidt and B. Williams, 1975. "Experi-
mental study of potential anti-asthmatic agent: SCH 15280." Journal
of Pharmacology and Experimental Therapeutics 193:256-263.

Diamond, L. and M. O'Donnell, 1977. "Pulmonary mechanics in normal
rats." Journal of Applied Physiology 43:942-948.

Dixon, J.R., W.D. Wagner, T.D. Martin, R.G. Keenan and H.E. Stokinger,
1966. "Metal shifts as early indicators of response from low grade
pulmonary irritation." Toxicology and Applied Pharmacology 9:225-233.

Douglas, J.S., 1979. Personal communication.

Douglas, J.S., C. Brink and P. Ridgway, 197 7a. "Drug effects in his-
tamine sensitive (HS) and insensitive (HIS) guinea pigs." Federation
Proceedings 36:3.

Douglas, J.S., P. Ridgway and C. Brink, 1977b. "Airway responses of
the guinea pig in vivo and in vitro." Journal of Pharmacology and
Experimental Therapeutics 202:116-124.

Drorbaugh, J.E., 1960. "Pulmonary function in different animals."
Journal of Applied Physiology 15:1069-1072.

Drozdz, M., E. Kucharz and J. Szyja, 1977. "Effect of chronic expo-
sure to nitrogen dioxide on collagen content in lung and skin of
guinea pigs." Environmental Research 13:369-377.

DuBois, A.B., S.Y. Botelho, G.N. Bedell, R. Marshall and J.H. Comroe,
Jr., 1956. "A rapid plethysmographic method for measuring thoracic
gas volume: a comparison with nitrogen washout method for measuring
functional residual capacity in normal subjects." Journal of Clinical
Investigation 35:322-326.

Ehrlich, R., 1963. "Effect of air pollutants on respiratory infec-
tion." Archives of Environmental Health 6:638-642.

Ehrlich, R., 1966. "Effect of nitrogen dioxide on resistance to res-
piratory infection." Bacteriological Reviews 30:604-614.

Evans, M.J., W. Mayr, R.F. Bils and C.G. Loosli, 1971. "Effects of
ozone on cell renewal in pulmonary alveoli of aging mice." Archives
of Environmental Health 22:450-453.

Evans, M.J., L.J. Cabral, R.J. Stephens and G. Freeman, 1975.
"Transformation of alveolar type 2 cells to type I cells following
exposure to NO2." Experimental and Molecular Pathology 22:142-150.

68



Evans, M.J., L.J. Cabral-Anderson and G. Freeman, 1977. "Effects of
N02 on the lungs of aging rats. II. Cell proliferation." Experi-
mental and Molecular Pathology 27:366-376.

Evans, M.J., N.P. Dekker, L.J. Cabral-Anderson and G. Freeman, 1978.
"Quantitation of damage to the alveolar epithelium by means of type 2
cell proliferation." American Review of Respiratory Disease 118:787-
790.

Fairchild, G.A., P. Kane, B. Adams and D.L. Coffin, 1975. "Sulfuric
acid and streptococci clearance from respiratory tracts of mice."
Archives of Environmental Health 30:538.

Ferin, J., 1971. "Papain-induced emphysema and the elimination of
TiO2 particulates from the lungs." Journal of the American Indus-
trial Hygienists Association 32:157.

Ferin, J. and L.J. Leach, 1973. "The effect of SO2 on lung clear-
ance of TiO 2 particles in rats." Journal of the American Industrial
Hygienists Association 34:260-263.

Fisher, H.K., J.A. Clements and R.R. Wright, 1973. "Pulmonary effects
of the herbicide paraquat studied 3 days after injection in rats."
Journal of Applied Physiology 25:268.

Fletcher, B.L. and A.L. Tappel, 1973. "Protective effects of dietary
-tocopherol in rats exposed to toxic levels of ozone and nitrogen
dioxide." Environmental Research 6:165-175.

Fraser, D.A., M.C. Battigelli and H.M. Cole, 1968. "Ciliary activity
and pulmonary retention of inhaled dust in rats exposed to sulfur
dioxide." Journal of the Air Pollution Control Association 18:821.

Gardner, D.E., F.J. Miller, J.W. Illing and J.M. Kirtz, 1977. Altera-
tions in Bacterial Defense Mechanisms of the Lung Induced by Inhala-
tion of Cadmium. Clinical Studies Division, Health Effects Research
Laboratory, Office of Research and Development, U.S. Environmental
Protection Agency, Research Triangle Park, N.C. PB-278 592.

Gibbon, K.H., H.D. Bruner, R.D. Boche and J.S. Lockwood, 1948.

"Studies on experimental phosgene poisoning. II. Pulmonary artery
pressure in phosgene poisoned cats." Journal of Thoracic and Cardio-
vascular Surgery 17:264-273.

Giles, R.E., M.P. Finkel and J. Mazurowski, 1971. "Use of an analogue
on-line computer for the evalation of pulmonary resistance and
dynamic compliance in the anesthetized dog." Archives Internationales
de Pharmacodynamie et de Theapie 194:213-222.

69

WIN"



Goldstein, E., W.S. Tyler, P.D. Holprich and C. Eagle, 1971. "Ozone
and the antibacterial defense mechanisms of the murine lung."
Archives of Internal Medicine 127:1099-1102.

Goldstein, R.H., J.B. Karlinsky and G.L. Snider, 1977. "Carbon monox-
ide uptake in elastase induced emphysema in hamsters." Federation
Proceedings 36:591, as cited in Snider et al., 1978.

Graham, J.A. and D.E. Gardner, 1977. Effects of Metals on Pulmonary
Defense Mechanisms Against Infectious Disease. Clinical Studies
Division, Health Effects Research Laboratory, Office of Research and
Development, U.S. Environmental Protection Agency, Research Triangle
Park, N.C. PB-278 569.

Graham, J.A., D.E. Gardner, M.D. Waters and D.L. Coffin, 1975.
"Effect of trace metals on phagocytosis by alveolar macrophages."
Infection and Immunity 11:1278-1283.

Green, G.M. and E.H. Kass, 1964. "Factors influencing the clearance
of bacteria by the lung." Journal of Clinical Investigations 43:769-
776.

Green, J.M. and E. Goldstein, 1966. "A method for quantitation of
interpulmonary bacterial inactivation in individual animals." Journal
of Laboratory Medicine 68:669-675.

Green, M., D.M. Travis and J. Mead, 1972. "A simple measurement of
phase IV ("closing volume") using a critical orifice helium analyzer."
Journal of Applied Physiology 33:827-830.

Grimm, D.J., J.H. Linehan and C.A. Dawson, 1977. "Longitudinal dis-
tribution of vascular resistance in the lung." Journal of Applied
Physiology 43:1093-1101.

Groom, A.C., R. Morin and L.E. Farhi, 1967. "Determination of dis-
solved N2 in blood and investigation of N2 washout from the body."
Journal of Applied Physiology 23:706-712.

Guyton, A.C., 1976. "The Pulmonary Volumes and Capacities." In Text-
book of Medical Physiology, 5th Edn. W.B. Sanders, Philadelphia, pp.
521-523.

Haddad, A.G., R.L. Pimmel, D.D. Scaperoth and P.A. Bromberg, 1979.
"Forced oscillatory respiratory parameters following papain exposure
in dogs." Journal of Applied Physiology: Respiration, Environment and
Exercise Physiology 46:61-66.

70



Hayes, J.A., G.I. Snider and K.C. Palmer, 1976. "The evolution of
biochemical damage in the rat lung after acute cadmium exposure."

American Review of Respiratory Disease 113:121-130.

Henderson, R.F., 1979. Personal communication.

Henderson, R.F., E.G. Damon and T.R. Henderson, 1978a. "Early damage

indicators in the lung. I. Lactate dehydrogenase activity in the
airways." Toxicology and Applied Pharmacology 44:291-297.

Henderson, R.F., B.A. Muggenberg, J.L. Mauderly and W.A. Tuttle,
1978b. "Early damage indicators in the lung. II. Time sequence of

protein accumulation and lipid loss in the airways of beagle dogs with

beta irradiation of the lung." Radiation Research 76:145-158.

Henderson, R.F., A.H. Rebar, J.A. Pickrell and G.J. Newton, 1979.
"Early damage indicators in the lung. IlI. Biochemical and
cytological response of the lung to inhaled metal salts." Toxicology

and Applied Pharmacology (in press).

Henry, [I.C., R. Ehrlich and W.H. Blair, 1969. "Effect of nitrogen
dioxide on resistance of squirrel monkeys to Klebsiella pneumoniae

infection." Archives of Environmental Health 18:580-587.

Henry, M.C., J. Findlay, J. Spangler and R. Ehrlch, 1970. "Chronic

Toxicity of N02 in squirrel monkeys. III. Effect on resistance to
bacterial and viral infection." Archives of Environmental Health

20:566-570.

Hirsh, J.A., E.W. Swenson and A. Wanner, 1975. "Tracheal mucous
transport in beagles after long-term exposure to 1 ppm sulfur
dioxide." Archives of Environmental Health 30:249-253.

Hoffman, L., R.B. Mondshine and S.S. Park, 1971. "Effect of DL-
penicillamine on elastic properties of rat lung." Journal of Applied

Physiology 30:508.

Hollinger, M.A., S.N. Gir and M. Freywald, 1978. "Effect of paraquat
on zinc content of rat lung." Toxicology and Applied Pharmacology
43:259-266.

Hiett, D.M., 1974. "Tests of ventilatory function for use in long-

term studies." British Journal of Industrial Medicine 31:53-58.

Hiett, D.M., 1978. "Experimental asbestosis: an investigation of

functional and pathological disturbances. I. 'Methods, control
animals and exposure conditions." British Journal of Industrial
Medicine 35:129-134.

71



Hyde, R., 1978. Personal communication.

Jacky, J.P., 1978. "A plethysmograph for long-term measurements of
ventilation in unrestrained animals." Journal of Applied Physi-
ology: Respiration, Environment and Exercise Physiology 45:644-647.

Jacques, A. and H.P. Witschi, 1973. "Beryllium effects on aryl
hydrocarbon hydroxylase in rat lung." Archives of Environmental
Health 27:243-247.

Johanson, W.G., Jr. and A.K. Pierce, 1973. "Lung structure and
function with age in normal rats and rats with papain emphysema."
Journal of Clinical Investigation 52:2921-2927.

Katy, R.L. and S.H. Ngai, 1962. "Respiratory effects of diethyl ether
in the cat." Journal of Pharmacology and Experimental Therapeu-
tics 138:329.

Katz, R.L. and S.H. Ngai, 1962. "Respiratory effects of dietyl ether
in the cat." Journal of Pharmacology and Experimental Therapeutics
138:329-336.

Kauffman, S.L., 1976. "Autoradiographic study of type It-cell
hyperplasia in lungs of mice chronically exposed to urethane." Cell
and Tissue Kinetics 9:489.

Kavet, R.I. and J.D. Brain, 1977. "Phagocytosis: quantification of
rates and intercellular heterogeneity." Journal of Applied PhysLi-
ology 42:432-437.

Kerfoot, E.J., W.G. Fredrick and E. Domeier, 1975. "Cobalt metal
inhalation studies on miniature swine." Journal of the American
Industrial Hygienists Association 36:17-25.

Kimbrough, R.D. and T.B. Gaines, 1969. "Toxicity of paraquat to rats
and its effect on rat lungs." Toxicology and Applied Pharmacology
17:679-690.

Kimbrough, R.D. and R.E. Linder, 1972. "The ultrastructure of the
paraquat lung lesion in the rat." Environmental Research 6:265-273.

Koo, K.W., D.E. Leith, C.B. Sherter and G.L. Snider, 1976. "Respira-
tory mechanics in normal hamsters." Journal of Applied Physiology
40:936-942.

Kosch, P.C., J.R. Gillespie and J.D. Berry, 1979a. "Respiratory
mechanics in normal bonnet and rhesus monkeys." Journal of Applied
Physiology 46:166-175.

72



Kosch, P.C., J.R. Gillespie and J.D. Berry, 1979b. "Flow volume
curves and total pulmonary resistance in normal bonnet and rhesus
monkeys." Journal of Applied Physiology 46:176-183.

Lai, Y.L. and J. Hildebrandt, 1978. "Respiratory mechanics in the
anesthetized rat." Journal of Applied Physiology 45:255-260.

Lai, Y.L., Y. Tsuya and J. Hildebrandt, 1978. "Ventilatory responses
to acute C02 exposure in the rat." Journal of Applied Physiology
45:611-618.

Last, J.A., O.G. Raabe, P.F. Moore and B.K. Tarkington, 1979. *Chro-
mate inhibition of metabolism by rat tracheal explants: I. In vivo
exposures." Toxicology and Applied Pharmacology 47:313-322.

Leith, D.E., 1976. "Comparative mammalian respiratory mechanics."
Physiologist 19:485-510.

Lemen, R., J.G. Jones, P.D. Graf and G. Cowan, 1975. "Closing volume
changes in alloxan-induced pulmonary edema in anesthetized dogs."
Journal of Applied Physiology 39:235-241.

Lewis, T.R., W.J. Moorman, Y. Yang and J.F. Stara, 1974. "Long-term
exposure to auto exhaust and other pollutant mixtures." Archives of
Environmental Health 29:102-106.

Lippmann, M., R.E. Alpert, D.B. Yeates, J.M. Berger, W.M Foster and
D.E. Bohning, 1977. "Factors affecting tracheobronchial mucociliary
transport." Inhaled Particles IV:305-318. I!
Liu, C.T. and R.D. DeLauter, 1977. Pulmonary Functions in Conscious
and Anesthetized Rhesus Monkeys. U.S. Army Medical Research Institute
of Infectious Diseases, Fort Detrick, Frederick, Maryland. AD-A035
260.

Lucey, E.C., B.R. Celli and G.L. Snider, 1978. "Maximum expiratory
flow and transpulmonary pressure in the hamster." Journal of Applied
Physiology 45:840-845.

Maigetter, R.Z., R. Ehrlich, J.D. Fenters and D.E. Gardner, 1976.
"Potentiating effects of manganese dioxide on experimental respira-
tory infections." Environmental Research 11:386-391.

Mauderly, J.L., 1972. "Steady-state carbon monoxide diffusing capa-
city of unanesthetized beagle dogs." American Journal of Veterinary
Research 33:1485-1491.

73

I



Mauderly, J.L., 1974a. "Influence of sex and age on the pulmonary
function of the unanesthetized beagle dog." Journal of Gerontology
29: 282-289.

Mauderly, J.L., 1974b. "Evaluation of the grade pony as a pulmonary
function model." American Journal of Veterinary Research 35:1025-
1029.

Mauderly, J.L. "Respiratory function of 15-week and 18-month-old
Fischer-344 rats" (in press).

Mauderly, J.L. and J.E. Tesarek, 1975. "Nonrebreathing valve for
respiratory measurements in unsedated small mammals." Journal of
Applied Physiology 38:369-371.

Mauderly, J.L., J.A. Pickrell, C.H. Hobbs, S.A. Benjamin, F.F. Hahn,
R.K. Jones and J.E. Barnes, 1973. "The effects of inhaled 9 0Y fused
clay aerosols on pulmonary function and related parameters of the
beagle dog." Radiation Research 56:83-96.

Moorman, W.J., T.R. Lewis and W.D. Wagner, 1975. "Maximum expiratory
flow volume studies on monkeys exposed to bituminous coal dust."
Journal of Applied Physiology 39:444-448.

Morgan, T.E., T.N. Finley, G.L. Huber and H. Fialkow, 1965. "Altera-
tions in pulmonary surface active lipids during exposure to increased
oxygen tension." Journal of Clinical Investigation 44:1737-1744.

Murphy, S.D. and C.E. Ulrich, 1964. "Multi-animal test system for
measuring effects of irritant gases and vapors on respiratory function
of guinea pigs." Journal of the American Industrial Hygienists Associ-
ation 25:28-36.

Murphy, S.D., D.A. Klingshirn and C.E. Ulrich, 1963. "Respiratory
response of guinea pigs during acrolein inhalation and its modifica-
tion by drugs." Journal of Pharmacology and Experimental Therapeutics
141:79-83.

Murphy, S.D., C.E. Ulrich, S.H. Frankowitz and C. Xintraras, 1964.
"Altered function in animals inhaling low concentrations of ozone and
nitrogen dioxide." Journal of the American Industrial Hygienists
Association 25:246-253.

Mustafa, M.G., 1979. Personal communication.

Mustafa, M.G. and D.F. Tierney, 1978. "Biochemical and metabolic
changes in the lung with oxygen, ozone and nitrogen dioxide toxicity."
American Review of Respiratory Disease 118:1061-1090.

74



I

Myrvik, Q.N. and D.G. Evans, 1967. "Metabolic and immunologic
activities of alveolar macrophages." Archives of Environmental Health
14:92-96.

Nadeau, R.A. and J.H. Colebatch, 1965. "Normal respiratory and
circulatory values in the cat." Journal of Applied Physiology 20:836-
838.

Ogilvie, C.M., R.E. Foster, W.S. Blakemore and J.W. Morton, 1951. "A
standardized breath holding technique for the clinical measurement of
the diffusing capacity of the lung for carbon monoxide." Journal of
Clinical Investigations 36:1-17.

Omaye, S., K. Reddy, M. Chin, G. Hasegawa and C. Cross, 1976.
"Selected biochemical changes produced in rat lung by the instillation
of cadmium chloride (CdCl2 )." American Review of Respiratory
Disease 113:101.

O'Neil, J.J., 1978. Personal communications.

Palecek, F., 1969. "Measurement of ventilatory mechanics in the rat."
Journal of Applied Physiology 27(l):149-156.

Palmer, M.S., D. Swansen and D.L. Coffin, 1971. "Effect of ozone on
benzpyrene hydroxylase activity in the Syrian Golden Hamster." Cancer
Research 31:730-733.

Palmer, M.S., R.W. Exley and D.L. Coffin, 1972. "Influence of pol-
lutant gases on benzpyrene hydroxylase activity." Archives of
Environmental Health 25:439-442.

Pare, P.D., R. Boucher, M.C. Michoud and J.C. Hogg, 1978. "Static
lung mechanics of intact and excised rhesus monkey lungs and lobes."
Journal of Applied Physiology 44:547-552.

Park, S.S., Y. Kikkawa, I.P. Goldring, M.M. Daly, M. Zelefsky, C.
Shim, 1. Spierer and T. Morita, 1977. "An animal model of cigarette
smoking in beagle dogs: correlative evaluation of effects on pulmonary
function, defense, and morphology." American Review of Respiratory
Disease 115:971-979.

Patterson, R., C.J. Mellies, J.F. Kelly and K.E. Harris, 1974. "Air-
way responses of dogs with ragweed and ascaris hypersensitivity."
Chest 65:488-492.

Patterson, R., K.E. Harris and P.A. Greenberger, 1978. "The effect of
arachidonic acid on airway responses of rhesus monkeys." Life
Sciences 22:389-399.

75



Pepelko, W.E., 1978. Personal communication.

Pepelko, W.E. and G.A. Dixon, 1975. "Arterial blood gases in con-
scious rats exposed to hypoxia, hypercapnia, or both." Journal of
Applied Physiology 38:581-587.

Pepelko, W.E., J.K. Mattox and Y.Y. Yang, in preparation. "Arterial
blood gases, pulmonary function and pathology in rats exposed to 0.75
or 1.0 ppm ozone." U.S. Environmental Protection Agency, Health
Effects Research Laboratory, Cincinnati, Ohio.

Popa, V., J.S. Douglas and A. Douhuys, 1974. "Airway responses to
histamine, acetylocholine, and antigen in sensitized guinea pigs."
Journal of Laboratory and Clinical Medicine 84:225-234.

Purvis, M.R. and R. Ehrlich, 1963. "Effects of atmospheric pollutants
on susceptibility to respiratory infection. II. Effect of nitrogen
dioxide." Journal of Infectious Diseases 113:72-76.

Purvis, M.R., S. Miller and R. Ehrlich, 1961. "Effects of atmospheric
pollutants on susceptibility to respiratory infection. I. Effect of
ozone." Journal of Infectious Diseases 10:238-242.

Ramazzotto, L.J. and L.J. Rappaport, 1971. "The effect of nitrogen
dioxide on aldolase enzyme." Archives of Environmental Health 22:379-
380

Reeves, A.L., 1966. "Pulmonary isozyme profiles during experimental
beryllium carcinogenesis." Proceedings of the 15th International
Congress on Occupational Health 111:133-136 (as cited in Witschi,
1975.)

Reeves, A.L. and A.J. Vorwald, 1967. "Beryllium carcinogenesis. II.
Pulmonary disposition and clearance of inhaled beryllium sulfate in
the rat." Cancer Research 27:446-451 (as cited in Witschl, 1975.)

Rhoades, R.A., 1974. "Net uptake of glucose, glycerol, and fatty
acids by the isolated perfused rat lung." American Journal of
Physiology 226(1):144-149.

Robinson, N.E. and J.R. Gillespie, 1975. "Pulmonary diffusing capac-
ity and capillary blood volume in aging dogs." Journal of Applied
Physiology 38:647.

Rossi, F., G. Zabucchi and D. Romeo, 1975. "Metabolism of phagocytos-
ing mononuclear phagocytes." Mononuclear Phagocytes, Blackwell
Science Publishers, London, pp. 441-462 (as cited in Henderson et al.,
1979).

76



Roughton, F.J. and R.E. Forster, 1957. "Relative importance of dif-
fusion and chemical reaction rates in determining rate of exchange of
gases in the human lung, with special reference to the true diffusion
capacity of pulmonary membrane and volume of blood in lung capillar-
ies." Journal of Applied Physiology 11:290-302.

Ryan, S.F., C.R. Barrett, M.H. Lavietes, A.L.L. Bell and D.F.

Rochester, 1978. "Volume-pressure and morphometric observations after
acute alveolar injury in the dog from N-Nitroso-N-Methyl-urethane."
American Review of Respiratory Disease 118:735-745.

Rylander, R., 1971. "Lung clearance of particles and bacteria:
effects of cigarette smoke exposure." Archives of Environmental
Health 23:321-326.

Rylander, R., 1973. "Toxicity of cigarette smoke components: free
lung cell response in acute exposures." American Review of Respira-
tory Disease 108:1279-1282.

Rylander, R., 1974. "Pulmonary cell responses to inhaled cigarette
smoke." Archives of Environmental Health 29:329-333.

Sackner, M.A., M.J. Rosen and A. Wanner, 1973. "Estimation of
tracheal mucous velocity by bronchofiberscopy." Journal of Applied
Physiology 34:495-499.

Sackner, M.A., D. Ford, R. Fernandez, J. Cipley, D. Perez, M. Kwoka,
M. Reinhart, E.D. Michaelson, R. Schreck and A. Wanner, 1978.
"Effects of sulfuric acid aerosol on cardiopulmonary function of dogs,
sheep, and humans." American Review of Respiratory Disease 118:497-
510.

Sahebjami, H., 1978. Personal communication.

Sahebjami, H., C.L. Vassallo and J.A. Wirman, 1978. "Lung mechanics
and ultrastructure in prolonged starvation." American Review of
Respiratory Disease 117:77-83.

Schlesinger, R.B., M. Lippmann and R.E. Albert, 1978. "Effects of
short-term exposures to sulfuric acid and ammonium sulfate aerosols
upon bronchial airway function in the donkey." American Industrial
Hygiene Association Journal 39:275-286.

Scheel, L.D., O.J. Dobrogorski, J.T. Mountain, J.L. Svirbely and H.E.

Stokinger, 1959. "Physiologic, biochemical, immunologic and patho-
logic changes following ozone exposure." Journal of Applied Physiol-
ogy 14:67-80.

77



I

Schwartz, L.W., D.L. Dungworth, M.G. Hustafa, B.K. Tarkington and W.S.
Tyler, 1976. "Pulmonary response of rats to ambient levels of ozone.
Effects of 7-day intermittent of continuous exposure." Laboratory
Investigation 34:565-578.

Shaffer, T.H., J.D. Ferguson, P.A. Koen, G.D. Moskowitz and M.
Delivoria-Papadopoulos, 1978. "Pulmonary lavage in preterm lambs."
Pediatric Research 12:695-698.

Shaffer, T.H., M. Delivoria-Papadopoulos and E. Arcinue, 1976.
"Pulmonary function in premature lambs during the first few hours of
life." Respiration Physiology 28:179-188.

Sherwin, R.P., J. Dibble and J. Weiner, 1972. "Alveolar wall cells of
the guinea pig: increase in response to 2 ppm nitrogen dioxide."
Archives of Environmental Health 24:43-47.

Silbaugh, S.A., R.K. Wolff, R.L. Carpenter and J.L. Mauderly, 1979.
"Effects of sulfuric acid and histamine aerosols on pulmonary function
of guinea pigs." (In press.)

Skornik. W., R. Heiman and R.J. Jaeger, 1979. "Pulmonary mechanics in
unanesthetized guinea pigs after exposure to plastics combustion
products." Proceedings of the Eighteenth Annual Meeting of The Society
of Toxicologists.

Snider, G., 1979. Personal communication.

Snider, G.L., J.A. Hayes, A.L. Korthy and G.P. Lewis, 1973. "Centri-
lobular emphysema experimentally induced by cadmium chloride aerosol."
American Review of Respiratory Disease 108:40.

Snider, G.L., B.R. Celli, R.H. Goldstein, J.J. O'Brien and E.C. Lucey,
1978. "Chronic interstitial pulmonary fibrosis produced in hamsters
by endotracheal bleomycin." American Review of Respiratory Disease
117:289-297.

Spicer, S.S., L.W. Chakrin and J.R. Wardell, Jr., 1974. "Effect of
chronic sulfur dioxide inhalation on the carbohydrate histochemistry
and histology of the canine respiratory tract." American Review of
Respiratory Disease 110:13-21.

Spiegelman, J.R., G.D. Hanson, A. Lazarus, R.J. Bennett, H. Lippmann
and R.E. Albert, 1968. "Effect of acute sulfur dioxide exposure on
bronchial clearance in the donkey." Archives of Environmental Health
17:321.

78



Strauss, R.H., K.C. Palmer and J.A. Hayes, 1976. "Acute lung injury
induced by cadmium aerosol. I. Evolution of alveolar cell damage."
American Journal of Pathology 84:561-578.

Sunderman, F.W., 1967. "Inhibition of induction of benzpyrene hydroxy-
lase by nickel carbonyl." Cancer Research 27:950-955.

Takezawa, J., F.J. Miller and J.J. O'Neil, 1979. "Lung volumes and
single breath diffusing capacity in small laboraboty mammals." (In
press.)

Thomas, H.V., P.K. Meuller and R.L. Lyman, 1968. "Lipoperoxidation of
lung lipids in rats exposed to nitrogen dioxide." Science 159:532.

Tierney, D.F., 1974. "Lung metabolism and biochemistry." Annual
Review of Physiology 36:583. J.H. Comroe, Jr. (ed.).

Turino, G.M., J.R. Rodriquez, L.M. Greenbaum and I. Mandl, 1974.
"Mechanisms of pulmonary injury." American Journal of Medicine
57:493-505.

Ulrich, C.E., R.A. Monaco and S.M. Messer, 1977. "Baseline pulmonary
physiologic values for the squirrel monkey (Saimiri sciurlus)."
Laboratory Animal Science 27:1024-1027.

Unane, E.R., 1976. "Secretory function of mononuclear phagocytes."
American Journal of Pathology 83:396-417 (as cited in Henderson et
al., 1979).

Valicenti, J.F., R. Redding, U.H. Schaeppi, D.A. Cooney, and R.D.
Davis, 1971. Bleomycin: Effects Upon Lung Function in Beagle Dogs.
Department of Health, Education and Welfare, Public Health Service,
National Institutes of Health, National Cancer Institute, Laboratory
of Toxicology, Bethesda, Maryland. PB-202 727.

Vassalo, C.L., B.M. Domm, R.H. Poe, M.L. Duncombe and J.B.L. Gee,
1973. "NO2 gas and NO2 effects on alveolar macrophage phagocy-
tosis and metabolism." Archives of Environmental Health 26:270-274.

Vijeyaratnam, G.S. and B. Corrin, 1972. "Pulmonary histiocytosis
simulating desquamative interstitial pneumonia in rats receiving oral
iprindole." Journal of Pathology 108:105-113 (as cited in Henderson
et al., 1979).

Wanner, A., J.A. Hirsch and D.E. Greeneltch, 1973. "Tracheal mucous
velocity in beagles after chronic exposure to cigarette smoke."
Archives of Environmental Health 27:370-371.

79



Ward, B., W. Liu, T. Stanley and S. Atwood, 1976. "Effects of Cardio-
pulmonary bypass on respiratory dynamics in the unanesthetized calf."
Federal Proceedings 35: 1046.

Waters, M.D., 1979. Personal Communication.

Waters, M.D., D.E. Gardner and D.L. Coffin, 1974. "Cytotoxic effects
of vanadium on rabbit alveolar macrophages in vitro." Toxicology and
Applied Pharmacology 28:253-263.

Waters, M.D., D.E. Gardner, C. Aranyi and D.L. Coffin, 1975. "Metal
toxicity for rabbit alveolar macrophages in vitro." Environmental
Research 9:32-47.

Weibel, E.R., 1970. "Morphometric estimation of pulmonary diffusion
capacity. I. Model and method." Respiration Physiology 11:54-75.

Weibel, E.R., 1972. "Morphometric estimation of pulmonary diffusion
capacity." Respiration Physiology 14:26-43.

Weibel, E.R., P. Untersee, J. Gil and M. Gulauf, 1975. "Morphometric
estimation of pulmonary diffusion capacity." Respiration Physiology
18:285-308.

Weissberg, R., J. Marian and J. Bradshaw, 1976. "Respiratory and
cardiovascular effects of prostaglandins in the conscious guinea pig."
Journal of Pharmacology and Experimental Therapeutics 198:197-208.

Weissberg, R.M., J.B. Bradshaw and G.L. Garay, 1978. "Development of
a pulmonary technique to assess inhaled bronchoactive agents in the
conscious rhesus monkey." Journal of Pharmacology and Experimental
Therapeutics 205:246-254.

Weissman, G., P. Dukor and R.B. Zurier, 1971. "Effect of cyclic AMP
on release of lysosomal enzymes from phagocytes." Nature 231:131-135
(as cited in Henderson et al., 1979).

Weister, J., 1978. Unpublished draft.

West, J.D., 1977. Regional Differences in Lung. Academic Press, New
York.

Wiener, J., 1979. Personal communication.

Wilkerson, R.D., 1977. "Possible role for prostaglandins in the
production of alterations in pulmonary function during splanchnic
arterial occlusion shock." Journal of Pharmacology and Experimental
Therapeutics 201:753-761.

80



Witschi, H., 1975. "Exploitable biochemical approaches for the evalu-
ation of toxic lung damage." Essays in Toxicology 6:125-191.

Witschi, H., 1976. "Proliferation of type II alveolar cells: a
review of common responses in toxic lung injury." Toxicology 5:267-
277.

Witschi, H., 1979. Personal communication.

Witschi, H. and M.G. Cote, 1977. "Primary pulmonary response to toxic
agents." CRC Critical Review in Toxicology 5:23.

Witschi, H. and S. Kacew, 1974. "Studies on the pathological biochem-
istry of lung parenchyma in acute paraquat poisoning." Medical Biol-
ogy 52:104-110.

Witschi, H. and B. Saint-Francois, 1972. "Enhanced activity of benz-
pyrene hydroxylase in rat liver and lung after acute cannabis
administration." Toxicology and Applied Pharmacology 23:165-168.

Young, R.C., Jr., H. Nagans, T.R. Vaughan, Jr., and N.C. Staub, 1963.
"Pulmonary capillary blood volume in dog: effects of 5-hydroxy-
tryptamine." Journal of Applied Physiology 18:264-268.

Yuen, T.G.H. and R.P. Sherwin, 1971. "Hyperplasia of type 2 pneumo-
cytes and nitrogen dioxide (10 ppm) exposure." Archives of Environ-
mental Health 22:178-188.

81

81



NowX AG



APPENDIX A

MORPHOLOGICAL MEASUREMENTS OF PULMONARY

SYSTEM DAMAGE
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RESPIRATORY MECH~ANICS MEASUREMENTS OF

PULMONARY SYSTEM DAMAGE
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GAS EXCHANGE DIEASUEMENTS OF PULM4ONARY SYSTEM DAMAGE
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CIRCULATORY MEASUREMENTS OF PULMONARY SYSTEM DAMAGE
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DEFENSE MECHANISM MEASUREMENTS OF

PULMONARY SYSTEM DAMAGE
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